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Summary
This thesis is dedicated to the measurement of wind in the middle-atmosphere, more pre-
cisely, zonal and meridional wind in the stratosphere and lower mesosphere from 30 to
70 km altitude. Dynamics in the middle atmosphere have an impact on life on Earth, by
coupling to ozone chemistry and tropospheric weather systems. Nevertheless, measure-
ments of middle-atmospheric wind speeds are surprisingly rare and continuous observa-
tions are difficult to achieve. Doppler microwave wind radiometry is capable to deliver
such measurements by measuring the tiny Doppler shift introduced to thermal emission
lines of atmospheric molecules due to the movement of air as wind.
This thesis is specifically concerned with the Wind Radiometer for Campaigns, WIRA-C,
a replication and improvement of the prototype Wind Radiometer WIRA. It is a highly
sensitive spectrometer that is capable to measure the weak thermal emission of middle-
atmospheric molecules. It is ground-based and passive, meaning that it is easy to deploy
and to operate remotely, especially also over extended periods of time.
Chapter 1 gives a short introduction to the middle-atmosphere and its dynamics. Of
special interest are waves on various scales which are relevant to this thesis, from global
scale waves to short scale disturbances. The goal is to give an overview over the state of
middle-atmospheric research and its most important topics. Further this chapter includes
a summary of the available measurement Methods which are capable to measure wind
in the atmosphere. Again, the focus lies on the region of interest from 30 to 70 km
altitude.
Chapter 2 contains an introduction and some historical context on microwave wind ra-
diometry, which is a rather novel technique. This is followed by a quick introduction to
the WIRA-C wind radiometer and some details about its calibration and retrieval algo-
rithm.
The aim and impact of this thesis are summarized in chapter 3. This puts this thesis
in the context of the European Commission’s Horizon 2020 ARISE2 project, which also
provided funding for this research project.
Chapter 4 gives the overview plots of the different campaigns that WIRA-C and WIRA
have been in the last years. It will highlight the effects visible on large timescales and
discuss them in a global context.
The following chapters 5, 6 and 7 present the scientific outcome of this thesis, represented
by publications in peer-reviewed journals.
i
The publication in chapter 5 presents the in-depth description of the WIRA-C wind ra-
diometer together with coincident lidar observations from the Maido campaign on La
Réunion island.
Chapter 6 consists of a publication about the measurements of the atmospheric diurnal
tide by passive microwave radiometry. These results are novel and represent an advance-
ment in Doppler microwave radiometry. Using a composite analysis we reach very short
timescales in the order of hours which provides a unique insight to the long-time behaviour
of atmospheric tides and their variability.
The third publication in chapter 6 represents an improvement of passive microwave ra-
diometry on the technical side, by taking advantage of modern software-defined radio
techniques and evaluating its performance in the context of atmospheric research.
Finally, Chapter 8 provides some conclusive remarks and an outlook into possible future
projects.
ii
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1 The middle atmosphere
The atmosphere enables life on Earth’s surface by providing protection against the hostile
space environment and sustaining the water vapour cycle. Air pressure drops exponentially
with altitude while the temperature profile is more complicated and features multiple
maxima and minima, which are generally used to define different layers of the atmosphere
as shown in figure 1.1(a).
The troposphere is the lowermost layer and extends from the ground up to approximately
6 km at the poles and 17 km altitude in equatorial regions. It contains approximately
80% of the total air-mass of the atmosphere. The troposphere is dominated by weather
phenomena like convection and clouds, storms and complex high and low pressure sys-
tems.
Above the troposphere begins the stratosphere. The local maximum in the temperature
profile defines its upper extent to approximately 50 to 65 km. Above the stratosphere
comes the mesosphere and temperature decreases again with altitude up to the mesopause
at approximately 80 to 110 km where the thermosphere starts.
The altitude region between 20 km and 80 km, containing the stratosphere and mesosphere,
is generally referred to as the middle atmosphere. Dynamics in the middle atmosphere
have an impact on weather, extreme weather and climate change on Earth’s surface. Yet,
the dynamics of this altitude region in current weather models are poorly constrained due
to the lack of available observations.
The following sections give a short introduction to the dynamics in the middle atmosphere
and an overview over measurement techniques which are sensitive to middle atmospheric
wind.
1.1 Structure and dynamics
In the stratosphere, the temperature rises with altitude. This increase in temperature
is mainly caused by the absorption of solar UV-radiation by ozone chemistry, which is
active in the whole middle atmosphere. Ozone chemistry is most effective in the lower
stratosphere forming a region with high ozone concentration at 15 to 40 km altitude, the
so called ozone layer.
This positive temperature gradient (positive lapse rate) results in a high vertical stability of
the stratosphere. On the other hand, deposition of momentum and energy by atmospheric
waves excite the stratosphere. While this forcing is not enough to drive the stratosphere
away from its thermal equilibrium, it accounts for the large observed variability in the
temperature and wind field. This forcing gains importance over radiative effects with
1
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Figure 1.1 Structure of the atmosphere (a) and seasonal zonal wind speeds and temperature
(b) according to the COSPAR International Reference Atmosphere (CIRA-86) on northern mid-
latitudes on pressure and altitude scales.
altitude, ultimately inverting the sign of the temperature gradient at the stratopause
resulting in a negative lapse rate for the mesosphere.
In the stratosphere and lower mesosphere, the temperature gradient, while influenced by
dynamical effects, is still in thermal equilibrium and dominated by radiative heating and
cooling. Thus the mean background wind speeds on a global scale can be understood in a
context with thermal equilibrium. In this picture, radiative heating in the equatorial re-
gions leads to a latitudinal temperature gradient. This gradient results in quasi-geostrophic
winds which are westward directed in the summer hemisphere and eastward directed in
the winter hemisphere. These background winds reverse twice a year around equinox,
following the seasonal cycle of solar irradiation. A climatology of these seasonal patterns
is shown in figure 1.1(b) for mid-latitudes clearly showing the difference in zonal wind
direction between summer and winter.
A concrete but typical global circulation pattern at the stratopause level for northern
hemisphere summer is shown in figure 1.2. Westwards jet on the summer hemisphere
(north) and strong eastwards jets on winter hemisphere (south) are clearly visible.
1.2 Coupling to lower and upper atmosphere
The variability in the stratosphere and mesosphere is to a large extent driven by waves
that propagate upwards from the troposphere. But in the last decades it became evi-
dent that the coupling between the middle atmosphere and the troposphere is a two-way
process. Middle atmospheric dynamics have an influence on tropospheric dynamics and
thus on weather patterns (Baldwin et al., 2003; Charlton et al., 2004). Especially for
enhancing seasonal forecasts outside of the tropical regions, the middle atmosphere plays
2
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Figure 1.2 Zonal wind speed (top left), meridional wind speed (bottom left), temperature field
(top right), wind magnitude and direction (bottom right): Data for August 1st, 2019 from the
ECMWF operational model. Campaign locations Andøya, Bern and La Réunion are marked.
a central role (Sigmond et al., 2013). For this reason, more and more analysis models
expand their model-top to higher altitudes and often include model layers up to the lower
mesosphere.
Accompanied to this model developments there is a growing need for observations at these
altitudes for data assimilation into the models. Without enough measurements to assimi-
late in these altitudes, the models are left with often difficult to adjust parametrizations
and numerical tricks like sponge-layers and artificial damping to reproduce the required
behaviour (Alexander et al., 2010; Kim, Eckermann, and Chun, 2003).
The middle atmosphere also is essential for the forcing from below for the thermosphere
and ionosphere. Planetary, tidal and gravity waves propagate from the middle atmosphere
upwards and excite variability in the thermosphere (Forbes and Salah, 1991). The coupling
between the mesosphere and the thermosphere is supposed to be based largely on non-
linear wave interactions like gravity and tidal wave coupling (Palo et al., 2007).
The exact influence of these vertical coupling mechanisms between the lower-, middle-
and upper atmosphere, especially in the context of extreme events, is a vital area of
research. More measurements to better constrain middle-atmospheric dynamics are needed
to further improve forecasts of weather models.
1.3 Waves and oscillations
From bottom to the top, the atmosphere is a medium for the propagation of waves and
oscillations on different temporal and spatial scales. These waves transport energy and
momentum from their source region to their deposition region. There, the deposition of
momentum and energy by breaking atmospheric waves forces the atmosphere away from its
thermal equilibrium. The following gives a short introduction to the most relevant waves
present in the middle atmosphere: Planetary waves, solar tides and gravity waves.
3
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Figure 1.3 Amplitude and phase of the sun synchronous diurnal tide (altitude vs. latitude) in
the temperature (note factor 10−1 in scale) and zonal and meridional wind field as modeled by the
Global Scale Wave Model version 2000 (GSWM00). Marked with white lines are the campaign
locations Andøya at 69 °N, Bern at 46 °N and La Réunion at 21 °S.
Planetary waves
So called Planetary or Rossby waves have a period of about 10 to 15 days and have a
global extend. The restoring force is the Coriolis force. They are excited close to the
ground due to the interaction of the mean flow with topography and the distribution of
the continents. Planetary waves can only vertically propagate into the stratosphere during
winter as they require westward (or weak eastwards) flow to propagate. Rossby waves at
lower altitudes exist also in summer and have an effect on extreme weather conditions
during northern-hemisphere summer (Coumou et al., 2014).
Planetary waves are the main driver of the dynamical variability in the stratosphere and
mesosphere in northern hemispheric winter. Dunkerton, Hsu, and McIntyre, 1981; Mat-
suno, 1971 suggested, that the interaction between Planetary-waves and the mean flow is
responsible for the sudden stratospheric warmings which occur regularly in the northern
hemisphere. These events are dramatic warmings of the winter stratosphere which often
include a temporary reversal of stratospheric wind speeds. Major sudden stratospheric
warmings are assumed to not occur in the southern hemisphere, except for two single
reported cases (Lewis, 2019; Varotsos, 2002), minor warmings have also been observed in
austral winter 2019.
Under normal conditions in the northern hemisphere, planetary waves are apparent on
mid- to high latitudes and form a meandering pattern of the polar vortex. On the southern
hemisphere, where the ocean land distribution is different, these waves propagate and
break at much lower latitudes. The region where the planetary waves break in the southern
hemisphere is called the stratospheric surf zone and reaches even equatorial latitudes
(McIntyre and Palmer, 1983; Shepherd, 2000). In figure 1.2, planetary waves appear on
the southern hemisphere, visible as a meandering wave-structure of the global eastward
jet.
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Figure 1.4 Diurnal tide in the zonal and meridional wind field on different altitude levels mea-
sured by WIRA-C on La Réunion (21 °S) for April to June 2017 and the corresponding data from
the MERRA2 reanalysis model.
Solar tides
Solar tides are global scale waves with periods that are integer fractions of the solar day.
They are excited by the diurnal cycle of insolation and propagate in the temperature and
wind field on a global scale. Typically they are excited at or above the stratopause by solar
heating and propagate upwards with increasing amplitude as air density drops. Eventually
they break, creating secondary waves or dissipate, thus depositing energy and momentum.
By doing so, they exchange energy between source and deposition region and thus provide
a mechanism for the vertical coupling in the atmosphere. They are the dominant driver
for dynamics in the upper mesosphere and lower thermosphere system (Forbes et al.,
2008). While the period is forced by the solar day, the amplitude and phase are more
complex to predict, as the tidal waves interfere with other waves (also with tides) while
propagating on a global scale. The sun-synchronous tide is also referred to as migrating
tide, as it migrates with the apparent westwards movement of the sun. Tides which are not
sun-synchronous, are referred to as non-migrating tides. A global picture of the diurnal,
migrating solar tide, which is the main component of the atmospheric tides spectrum, is
shown in figure 1.3 on an altitude versus latitude plot. The data for this figure is from
the Global Scale Wave Model version 2000 (GSWM00) by Hagan et al., 1999. It models
the propagation and interference of the diurnal tide on a global scale, showing nodes of
high and low amplitude over different latitudes. Generally, the amplitude is increasing
with altitude, due to decreasing density and energy / momentum conservation. The phase
is also variable with altitude, due to the vertical propagation of the tides. Additionally
the phase has a clear latitudinal structure, which varies slightly over the course of the
year.
Atmospheric tides are essential to understand the atmosphere as a whole. Their ob-
servation and modelling is therefor essential to monitor and predict atmospheric change
(Lindzen, 1971; Lindzen and Chapman, 1969; Volland, 2012). The exact behaviour of
tides on a sub-seasonal and local scale are topic of active research. Especially the vari-
ability of amplitude and phase within days and the exact phase relation between tides in
5
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the temperature and wind field are topics of current atmospheric research. Baumgarten
and Stober, 2019 observed the diurnal and semi-diurnal tide in the temperature field using
lidar measurements and compared their phase to the tide in the wind field from reanalysis
data. Continuous observation of tides in the middle atmosphere are rare, especially in the
wind field. The first measurement of the diurnal tide in the wind field by ground based
radiometry is shown in figure 1.4. In this figure, the increasing amplitude and phase shift
with altitude due to upwards propagation of the diurnal tide can be seen. Details about
the measurements can be found in Hagen et al., 2020a (chapter 6).
Gravity waves
On shorter timescales, with periods of hours down to minutes, gravity waves propagate in
the atmosphere. Their restoring force is gravity. These waves are excited by disturbances
in the troposphere like airflow over mountains and thunderstorms. Other sources include
jet stream shear and adjustment processes in the atmosphere. Gravity waves propagate
horizontally and vertically with wavelengths of a few to several hundred kilometers and
transport energy and momentum from their source region.
Upwards propagating gravity waves grow in amplitude and eventually become unstable and
break. The modes of propagation of gravity waves are filtered by the mean flow speed and
direction. This wave filtering mechanism forces an asymmetry of gravity wave propagation
between the summer and winter hemisphere which is responsible for the upwards flow
and subsequent adiabatic cooling of the summer mesosphere, causing a corresponding
downwards flow on the winter pole, forming an effective meridional transport, the so
called residual circulation (Plumb, 2002).
1.4 Measurement of wind in the middle atmosphere
The following section gives an overview over wind measurements in the middle atmosphere.
The presented techniques can roughly be divided into three categories: in-situ, remote
active and remote passive. The most important measurement techniques are visually
summarized with their respective altitude range in figure 1.5.
In-situ measurements in the middle atmosphere, are delivered by sounding balloons and
rocket sounding campaigns. Balloon soundings are only available at the lowest part of
the middle atmosphere, as they only reach altitudes up to 35 km. Additionally, radio
soundings provide accurate temperature, pressure and sometimes ozone measurements.
Weather balloons are launched once or twice a day from many stations around the earth
and their data is assimilated in most weather models and reanalyses, for example by the
Modern-Era Retrospective analysis for Research and Applications – Version 2 (MERRA2).
Newman et al., 2016 used radiosonde wind measurements to study the 2015-2016 anomaly
in the quasi-biennial oscillation (QBO).
In-situ observations at higher altitudes are only achievable by sounding rocket campaigns.
For example, tides in the middle atmosphere have been measured by repeated rocket
soundings (Lindzen and Chapman, 1969) and general properties of horizontal winds have
been observed in the Mesosphere and Lower Thermosphere (MLT) region (Müllemann and
Lübken, 2005). Since sounding rockets provide high-resolution data during their upwards
and downwards flight they are also capable of capturing small-scale effects like turbulence
in the Mesosphere and Lower Thermosphere (MLT) region (Strelnikov et al., 2017).
6
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Figure 1.5 Overview over different measurement methods for wind in the atmosphere (blue).
The region covered by WIRA and WIRA-C (red) overlaps with the so called radar gap (yellow),
where no other continuous observations are currently available.
Remote exploration of dynamics in the middle-atmosphere is particularly difficult. Active
techniques like radar and lidar rely on the presence of an atmospheric back-scatterer. In
case of radar, this can be density differences or particles in the troposphere, meteor trails
in the mesosphere or fluctuations in electron density in the ionosphere. Such scatterers
are very sparse between 30 and 70 km altitude which is why this altitude range is often
referred to as the radar-gap.
Rayleigh/Mie/Raman (RMR)-lidars can measure wind speeds (and temperature) in this
region using high power lasers and large telescopes to measure the Doppler shift of back-
scattered light (Baumgarten, 2010; Souprayen et al., 1999; Yan et al., 2017). Lidars
deliver point in time measurements of wind profiles with a high resolution. The Arctic
Lidar Observatory for Middle Atmosphere Research (ALOMAR) lidar is daylight-capable
and delivers wind profiles up to 80 km altitude with an altitude resolution of a few 100 m
(Baumgarten, 2010). Due to the decreasing density of molecular backscatterers and the
inverse-square law of light, the uncertainties of the lidar measurements increase with alti-
tude. Because lidars need clear-sky conditions to operate, long period observations (longer
than 10 days) are rare. Other lidar systems like the Maïdo lidar on La Réunion are only
night-time capable and deliver wind profiles up to 60 km (Khaykin et al., 2016). The
advantage of lidar systems clearly is their high spatial and temporal resolution, which is
enough to resolve fine-scale structures like gravity waves. The disadvantage however is,
that they rely on clear-sky conditions and in practice often only provide a snapshot of the
atmospheric state rather than continuous observations.
Meteor radars are active sounders which measure the back-scattered signal from meteor
trails. Such meteor trails come from the plasma formed around a meteoroid entering
the Earth’s atmosphere when the particles have a sufficient high kinetic energy to reach
the vaporization temperature. In the upper mesosphere, such meteor trails are ubiqui-
7
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tous since the Earth is constantly bombarded by meteorites and the atmosphere is dense
enough to ablate them by frictional heating. Metor radars are sensitive to wind down to
approximately 80 km altitude. The Doppler shift induced to the meteor trail echoes give
information about the wind speed. Meteor radars take advantage of timing information
and synthetic aperture antennas and can thus exactly locate the origin of the echo. Thus
they can actually produce two-dimensional maps of wind fields in the upper mesosphere
down to approximately 80 km (Stober et al., 2018; Wilhelm, Stober, and Brown, 2019).
A network of meteor radars, distributed around the earth can be used to retrieve exact
planetary wave propagation parameters (Stober et al., 2017). By measuring the ambipolar
diffusion coefficient they can also retrieve the temperature field in these altitudes (Stober
et al., 2008).
The Microwave Limb Sounder (MLS) instrument on the NASA EOS/Aura satellite was
capable to measure wind in the mesosphere and lower thermosphere region by using the
Doppler-shifted oxygen line at 118 GHz (Wu et al., 2008). Further, geostrophic wind can
be derived from MLS geopotential height measurements (Matthias and Ern, 2018). This
requires the assumption of an exact balance between Coriolis force and pressure gradient
force, which does not hold exactly in the atmosphere. Nevertheless, outside of the tropics,
geostrophic winds are a good approximation of the actual wind field and provide a valuable
source for comparison data (Rüfenacht et al., 2018). The ADM/Aeolus mission launched
a space-borne lidar to measure tropospheric and lower stratospheric wind speeds up to
25 km altitude in 2018 (Reitebuch, 2012). Notably no operational satellite instruments to
date provide direct wind measurements in the radar-gap between 30 and 75 km altitude.
New satellites are being proposed to fill this gap, namely the microwave instruments SIW
(Chalmers, 2018) and SMILES2 (Baron et al., 2019).
1.5 Atmospheric models
Atmospheric models, especially those focused on weather prediction and climate research
are mainly concerned with the troposphere and the lower stratosphere. In the last decade,
a general trend to elevated model-tops has been observed with models providing data also
for the middle atmosphere, that is up to 80 km. How well the modelled quantities agree
with measurements in these altitudes is subject of current research (Blanc et al., 2019;
Pichon et al., 2015; Rüfenacht et al., 2018).
The European Centre for Medium-Range Weather Forecasts (ECMWF) provides an op-
erational analysis of the atmospheric state modelled on 137 layers up to 80 km altitude.
The main focus lies on delivering data on the atmospheric layers below 35 km for weather
forecasts. Especially above 68 km the data quality is supposed to decrease because the
uppermost layers, so called sponge layers, are artificially forced to achieve model stabil-
ity. ECMWF assimilates radiosonde data and other measurements, whereby the concrete
assimilation scheme is not available to the public. The model includes different schemes
of gravity-wave parameterization to accurately model the middle-atmospheric mean-zonal
flow and up- and down-welling (Orr et al., 2010). Also the exact behaviour and imple-
mentation of the so called sponge layers is not published.
The Modern-Era Retrospective analysis for Research and Applications – Version 2 (MERRA2)
is the reanalysis produced by NASA’s Global Modeling and Assimilation Office (GMAO).
It is focused on the modern satellite era, and assimilates many different satellite observa-
tions (Gelaro et al., 2017). Among them is the MLS instrument on the EOS/Aura satellite
8
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which provides temperature and ozone data also in the middle atmosphere. Apart from
this satellite, there is no data assimilated in the middle atmosphere. Airplane temperature
data, radiosonde data and surface measurements are assimilated in the troposphere.
In general, the performance of current operational models in the middle atmosphere is not
well known. On one hand, it is clear that the models focus on weather and climate, and
comparing their output to surface data thus has priority. On the other hand, there is evi-
dence that a better understanding of middle atmospheric dynamics and better constraints
by measurements in this region can improve the overall model performance, especially in
the context of extreme events (Baldwin et al., 2003; Coumou et al., 2014).
Performing observations in the middle atmosphere to benchmark and improve global cir-
culation models thus brings immediate social and economic benefits.
1.6 The ARISE2 project
In the previous sections it has been outlined, that dynamic processes in the middle atmo-
sphere have a direct impact on weather and extreme weather situations. However, limited
observations of the middle-atmosphere restrict the ability to constrain these processes in
numerical weather models. The goal of the ARISE2 (Atmospheric dynamics Research
InfraStructure in Europe 2) project is to combine existing observational networks with
complementary technologies to provide advanced data products covering the middle at-
mosphere, which can be used to improve and benchmark weather models. The ARISE2
project1 was funded with 3.2 × 106 € under the European Commissions Horizon 2020
framework program, taking place between September 2015 and August 2018. It was an
international collaboration, with partners from 24 institutes from 17 countries, which built
upon the grounds of the fist ARISE project.
Specifically, the goal of the ARISE2 project was to integrate complementary observational
networks and technologies to provide a comprehensive and consistent set of middle atmo-
spheric observational data. To cover the entirety of relevant spatial and temporal scales
of dynamics in the middle atmosphere as illustrated in figure 1.6, it is essential to com-
bine a variety of instruments (and models), each of which having specific strengths and
limitations. These technologies and networks include
• the infrasound International Monitoring System (IMS) developed for the Compre-
hensive Nuclear-Test-Ban Treaty (CTBT) verification,
• the lidar Network for the Detection of Atmospheric Composition Changes (NDACC),
• multi-instrument reference stations equipped with lidar systems (ALOMAR in north-
ern Europe, OHP at middle latitude, Maïdo in the tropics)
• radiometers,
• complementary infrasound networks,
• radars and
• satellite observations.
1http://arise-project.eu, last visited 2020-05-11
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Figure 1.6 Waves on different temporal and spatial scales play an important role in atmospheric
dynamics. Figure adapted from Blanc et al., 2018, (CC-BY).
With this multi-technology approach, it is possible to effectively fill the gap of measure-
ments in the middle atmosphere as no single technology is able to provide a full picture
of dynamics in this domain by its own. With this integrative approach, it is possible to
better describe dramatic events like stratospheric warmings and their impact to extreme
weather in the northern hemisphere, tides, weather related disturbances (tropical convec-
tion, mountain waves), gravity waves and their impact on vertical coupling as well as to
improve predictability and modeling of natural hazards such as volcanos, severe weather
or meteoroids, as all these are directly or indirectly coupled to the middle atmosphere.
Blanc et al., 2018 describes the main ARISE2 results.
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2 Microwave wind radiometry
Microwave radiometry observes rotational transition lines of atmospheric molecules in the
microwave spectrum. It is one of the very few measurement techniques that is sensitive
to the middle atmosphere from 30 to 70 km altitude and is also able to provide altitude
resolved profiles in this altitude region. Since a long time it has been used to remotely
measure the mixing ratio of atmospheric constituents like ozone or water vapour (e.g.
Lobsiger, 1987; Nedoluha et al., 1995).
Using the Doppler shift of transition lines to observe wind speeds has already been pro-
posed by Clancy and Muhleman, 1993 and they specifically proposed measurements of the
230 GHz mesospheric CO emission at high latitudes to measure mesospheric wind speeds.
Later, Burrows, Martin, and Roberts, 2007 used this technique to measure mesospheric
wind speeds using an Antarctic CO radiometer. Flury et al., 2008 used air-borne measure-
ments of the 183 GHz water vapour emission lines and a narrow band fast Fourier transform
spectrometer (FFTS) to prove the feasibility of wind measurements in the stratosphere.
Shah, Muhleman, and Berge, 1991 used a millimeter wave instruments to observe the wind
on Venus, where the Doppler shift is larger due to higher wind speeds than on Earth.
With the WIRA ground-based Doppler microwave wind radiometer, Rüfenacht, Kämpfer,
and Murk, 2012 (also Rüfenacht et al., 2014) proved the feasibility of wind measurements
in the middle atmosphere, especially also for long term continuous observations. Given the
lack of observation methods covering this altitude region, continuous measurements and
monitoring of middle atmospheric wind speeds provide a new opportunity for atmospheric
research.
Baron et al., 2013 published Dopper microwave wind measurements performed by the
Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) onboard the In-
ternatioal Space Station (ISS). Unfortunately this instrument stopped operation in 2014
and no more wind measurements are available. The concept of microwave Doppler wind
measurements is also applied to space exploration, for example with the ESA Jupiter Icy
Moon Explorer (JUICE) mission with the Submillimeter Wave Instrument that is planned
to launch in 2022 (Suess, 2014).
Observations of wind speeds in the middle-atmosphere have been used to characterize
oscillations in the wind field with periods from weeks down to approx. 5 days (Rüfenacht,
Hocke, and Kämpfer, 2016). Further, observations with Doppler microwave instruments
and co-located Doppler lidar measurements are invaluable to compare and validate middle
atmospheric wind speeds between measurements and models (Rüfenacht et al., 2018).
And, in the frame of the ARISE2 project, various sounding techniques including Doppler
11
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Figure 2.1 Microwave emission of water vapor, oxygen (O2) and ozone (O3) simulated for dif-
ferent climatologies and an instrument at 500 m.a.s.l looking at an elevation angle of 22°. The
142 GHz emission line of ozone is located between the oxygen line (118 GHz) and water vapour
line (183 GHz).
microwave radiometry and infrasound have been used to characterize uncertainties of
atmospheric models in the middle atmosphere (Blanc et al., 2019).
The existing ground-based instruments WIRA and WIRA-C can deliver middle atmo-
spheric wind profiles in an altitude range of approx. 30 to 75 km with an altitude resolution
of approx. 12 km and a temporal resolution of 12 to 24 hours. Thus, wind radiometers have
been primarily used for the monitoring of background wind speeds since they are unable to
resolve oscillations shorter than a few days. Rogers et al., 2016 employed multi-year com-
posite retrievals of different ozone radiometers to measure the diurnal cycle of mesospheric
winds. Hagen et al., 2020a used 7 to 13 day composites to retrieve diurnal tide amplitude
and phases in the middle atmosphere. This demonstrates the feasibility of continuous
observation of atmospheric tides using ground-based microwave radiometry.
Co-located ground-based microwave measurements of ozone, water-vapour and wind have
been used to get a comprehensive picture of middle atmospheric chemistry, dynamics and
short-term variability in polar latitudes (Schranz et al., 2019a,c). These studies showed
that the observation of multiple species in the middle atmosphere helps to understand the
highly variable atmosphere in polar regions.
2.1 Measurement principle
2.1.1 Microwave radiation in the atmosphere
Matter with a temperature greater than absolute zero emits thermal radiation. For a
perfect blackbody in thermal equilibrium, the emitted energy is distributed over all fre-
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Figure 2.2 Emission line of ozone at 142.17504 GHz as seen at 10 km altitude (total) and
the contributions from different altitude levels. Emission lines from lower altitudes are pressure
broadened. Contributions from upper altitudes are more narrow and also weaker due to lower
density of ozone molecules.
quencies according to Plank’s law. For example, a blackbody at 300 K would emit its
radiation primarily at wavelengths of a few micrometers (infrared) but also radiates at
other wavelengths. If the emitter is not a blackbody, the emitted spectral radiance is
equal to the radiance of a blackbody multiplied with the frequency dependent emissivity.
For an object emitting and absorbing in thermal equilibrium, its emissivity is equal to its
absorptivity according to Kirchhoff’s law.
Molecules with a rotational asymmetry have different rotational energy states and tran-
sitions between these states enable the molecule to absorb and emit radiation at certain
frequencies that are proportional to the energy difference of the transition states. As a
result, each species has a typical thermal emission and absorption spectrum that features
certain lines where the absorptivity and emissivity are high.
In passive microwave radiometry, this rotational emission of the molecules is measured at
wavelengths between roughly 1 m (300 MHz) and 1 mm (300 GHz). Figure 2.1 shows the
simulated emission spectrum of ozone (O3), water vapour and oxygen between 100 and
200 GHz as it would be seen from ground under an elevation angle of 22 deg. The emission
line of ozone at 142.17504 GHz is the strongest emission line of ozone in this range. It
is in the local minimum of the continuum, between the water vapour line at 118 GHz
an the oxygen line at 183 GHz. The contribution from the continuum is dominated by
tropospheric water vapour. Making observations during winter, in arctic latitudes or at
higher elevation above sea-level is beneficial because of an increased signal-to-noise ratio
due to increased line amplitude as can be seen from the same figure.
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In theory, these emission lines are infinitely narrow. Natural broadening due to the quan-
tum mechanical uncertainty principle and the uncertainty in the lifetime of the states
can be neglected for remote sensing applications. Doppler broadening (not the same as
Doppler shift) occurs because molecules in a gas are in constant motion and the air speed
is randomly distributed according to the Maxwell-Boltzmann distribution.
The most important broadening effect is the pressure broadening effect (sometimes also
called collisional broadening). Collisions between molecules affect the lifetime of their
energy states and thus broaden the emission line. Because this broadening is pressure
dependent, it allows the retrieval of altitude resolved profiles. Figure 2.2 shows simu-
lated lines from different altitudes. The total of these lines is the superposition that an
instrument would see from the ground. The core idea behind the retrieval of profiles
by ground-based radiometry is to decompose the measured spectrum into the different
contributions from different altitudes using the pressure broadening effect.
Up to an altitude of approximately 75 km, the pressure broadening effect is dominating all
other broadening effect. At higher altitudes, Doppler broadening becomes the dominant
effect and the retrieval of altitude resolved profiles is no longer possible.
At altitudes below 30 km the emission lines become so broad, that the signal-to-noise
ration drops rapidly and the ability to retrieve information is constrained by instrumental
limitations. For example the finite bandwidth of the spectrometer limits the ability to
cover very broad lines. Reflections on optical elements (e.g. the calibration target) cause
non-linear base-line effects which cannot be separated from a very broad line with low am-
plitude. At higher altitudes, the Doppler broadening effect dominates over the pressure
broadening and restricts the ability to resolve altitude information. Thus, radiometric ap-
plications which resolve altitude by pressure broadening are best suited for measurements
in the middle atmosphere.
To model microwave radiation in the atmosphere, we use the Atmospheric Radiative Trans-
fer Simulator (ARTS) (Buehler et al., 2018). This is a community radiative transfer
model that has been developed to accurately model emission spectra of molecules and
their propagation through an atmosphere as well as modeling different radiometers and
spectrometers.
2.1.2 Wind radiometry
Passive ground-based wind radiometry is based on the Doppler shift imposed on emission
lines due to the relative speed between air-molecules and observing radiometer. Due to the
pressure broadening effect, the retrieval of altitude resolved wind-profiles is possible. This
requires the capability to measure the emission line with a high spectral resolution.
The Doppler shift
∆ν = vlos
c
ν0 (2.1)
describes the linear relation of observed frequency shift ∆ν to the speed of the emitter
along the line of sight vlos, relative to the observer. The Doppler shift is proportional to
the observation frequency ν0. We are interested in the horizontal wind speeds vu,v which
depend on the elevation angle of the line-of-sight η as
vlos = vu,v cos η + vz sin η ≈ vu,v cos η (2.2)
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The approximation in equation (2.2) is possible because in the middle atmosphere, ver-
tical wind speeds vz are typically 2 to 3 orders of magnitude lower than horizontal wind
speeds.
Because of this projection relation, it is advantageous to observe at low elevation angles for
wind measurements. Nevertheless, the observation angle has to be chosen so that it is still
above the horizon and the troposhoeric signal is not dominating the middle-atmospheric
contribution. An elevation of 22° has been proven to be a good compromise in practice
and has thus been used for all wind radiometers.
At an observation frequency of 142 GHz and a typical middle-atmospheric horizontal
wind speed of 100 ms−1, at an elevation angle of 22°, the observed Doppler shift is 43 kHz.
A difference in wind speed of 10 ms−1corresponds to a difference in Doppler shift of
4.3 kHz. Because the observed frequency shift is so small, a stable frequency reference is
important for wind radiometry. To compensate for drifts and offsets that do not come
from wind signals, it is advantageous to observe opposing directions (North, South, East
and West). This makes it possible to discriminate between instrumental shifts (same in
both directions) and Doppler shifts (opposite in both directions).
The ozone emission line at 142.17504 GHz is especially suited for Doppler wind radiometry
for the following reasons: Firstly, the emission line is at a relatively high frequency, which
proportionally increases the observed Doppler shift. At the same time, the frequency is
low enough that low-noise amplifiers are commercially available to build a highly sensitive
radiometer front end. Secondly, the 142 GHz emission line is located at a local minimum
of atmospheric emission between the 118 GHz water vapor line and the 183 GHz oxygen
line as can be seen in figure 2.1. And finally, ozone is present in the whole atmosphere,
with a maximum in volume mixing raio between 20 and 60 km. With only very little
ozone being present in the lower atmosphere, the troposphere is nearly transparent to
this frequencies. This makes it an ideal tracer for ground-based observations of middle
atmospheric wind.
2.2 The WIRA-C instrument
TheWind Radiometer for Campaigns (WIRA-C) instrument has been built at the Institute
of Applied Physics, University of Bern in 2015. Figure 2.3 shows the instrument as it has
been deployed at the Maïdo observatory on La Réunion.
The instruments dimensions are 0.6×0.75×0.5 m and all the components are placed inside a
single housing, that is mounted on a tripod. It is very compact and portable, only requiring
power and ethernet to operate at any place. Once setup, it measures autonomously over
months and provides the possibility for remote control and maintenance. This makes
WIRA-C ideal for campaigns as well as long-term continuous observations.
Technically, it is a highly sensitive single side-band microwave radiometer which measures
the 142 GHz ozone emission line with a high spectral resolution of 12 kHz over a bandwidth
of 160 MHz. The receiver electronics are uncooled but actively temperature stabilized.
The instrument contains an internal calibration target at ambient temperature and a
GNSS-disciplined reference clock for long term stability of the frequency reference.
Some distinguished technical highlights of WIRA-C include:
• All in one compact housing, only requiring power and internet
15
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Figure 2.3 The WIRA-C instrument as deployed at the Maïdo observatory on La Réunion. All
the components are integrated in one compact housing.
• Low-noise pre-amplified single-sideband receiver
• Low receiver noise temperature of instrument (512 K)
• Microwave components are actively temperature stabilized
• Path-length modulator mitigates standing waves
• Wedge load as internal low reflectivity calibration target
• Ultra-low side-lobe corrugated feed horn
• All-sky capability
• Automatic rain protection (with power backup)
• Automatic drying / cleaning of exposed mirror
• Tilt sensor for leveling
• Real-time preview of calibrated spectra
• Heated airflow for humidity control (corrosion protection)
2.2.1 Receiver optics
A view on the mechanical setup of WIRA-C is given in figure 2.4 with labels for the
respective parts. Radiation from the atmosphere enters through the scan-drum and is
deflected by the flat mirror M3. The scan drum is used to select the elevation angle of the
16
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Figure 2.4 Overview of the mechanics in WIA-C. The optical system includes the scan-drum
with mirror M3, the path-length modulator M2, the slewable elliptic mirror M4 and the elliptic
reflector M1 that couples the instrument beam to the antenna inside the frontend. The whole
instrument is mounted on an azimuthal drive.
observation and together with the azimuthal drive below the instrument, it is effectively
possible to observe the whole sky. The flat mirror M2 is placed on a linear stage and can be
moved in order to make a λ/4 difference in optical path length between two measurements.
This mechanism is usually referred to as wobbling when done in a continuous motion or
path-length modulation when done in discrete steps like for WIRA-C. The path-length
modulation is used to mitigate standing waves by destructive interference of resonance
patterns in the spectrum.
The elliptic mirror M1 couples the beam into the antenna of the frontend. It defines the
Half Power Beam Width (HPBW) of the instrument that is 2.3° which is effectively a
pencil-beam. A narrow beam allows to exclusively observe a certain part of the atmo-
sphere and limits the contribution from higher and lower layers especially at low elevation
angles.
For calibration, the slewable elliptic mirror M4 can be engaged and couples the antenna
to the ambient temperature (hot) load (see section 2.2.3).
2.2.2 Receiver electronics
A schematic of the WIRA-C receiver electronics is shown in figure 2.5. The electronics
are split in a front- and a backend part. The frontend is a pre-amplified single-side band
heterodyne receiver that mixes down the radio frequency (RF) of around 142 GHz down to
an intermediate frequency (IF) band that is centered around 3.65 GHz. The first amplifier
in the chain is a low noise amplifier (LNA) that amplifies the incoming signal and noise
by 20 dB (factor 100). Its noise figure is critical for the noise of the whole system, as it
is the first active component. This LNA has been built by the Fraunhofer IAF based on
17
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Figure 2.5 Schematic of the WIRA-C frontend and backend.
the 50 nm M-HEMT technology described by Leuther et al., 2012. The very piece built
into WIRA-C has the minimum of its noise figure of 3.29 dB at 140 GHz (at 293 K) which
which coincides with our observation frequency of 142 GHz.
The subharmonic mixer down-converts the amplified signal to an intermediate (IF) fre-
quency band centered around 3.65 MHz. This IF signal is then fed to the backend.
As a backend, WIRA-C uses a software defined radio from Ettus Research Inc., the USRP
X310 with two CBX-120 daughter boards. This backend has two independent channels
which can be configured individually. Each channel uses an IQ-mixer for base band conver-
sion and an analog to digital converter (ADC) with a sampling rate of 200 MHz. Because
of the filter characteristics in the base band converter, only approximately 160 MHz of the
total bandwidth are usable for radiometric observations. The USRP has a Xilinx FPGA
embedded, which is programmed to do the Fast Fourier Transform and accumulation using
Labview Real-Time.
Because the IF input matching of the USRP CBX-120 daughter boards is not perfect
and causes reflections, we implemented an attenuation of 10 dB between the frontend
and the backed to mitigate standing waves between the IF amplifier and the input stage
of the USRP. Without this attenuation, we observed a strong baseline, caused by non-
linear effects caused by these reflections and their interaction with the input stage of the
CBX-120.
2.2.3 Calibration
Compactness and low maintenance requirements were major design goals of WIRA-C.
This is why we opted for an ambient temperature load complemented with the tipping
curve method for the radiometric calibration. Essentially, this method has been explained
by Han and Westwater, 2000 and uses the sky as cold load. We determine the opacity of
the sky τtrop by measuring at two elevation angles , which in our case are η1 = 22◦ and
η2 = 90◦ (zenith). It is crucial here to average two opposite directions, in order to include
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Figure 2.6 Measured spectrum of the ozone line. Top panel shows the eastward and westward
measurement after calibration, bottom panel shows the same measurement but with tropospheric
correction ap- plied. Channel A of the USRP has 12.2 kHz resolution and is cen- tred around the
line centre while channel B has 97.7 kHz resolution and, in this case, observes the line wing. Figure
from Hagen et al., 2018.
as little wind information in the calibration process as possible. Preferably, we average
north and south observations as the meridional wind is weaker than the zonal wind.
The following calibration is applied for each frequency bin separately. It is thus applicable
to a single channel or in a vectorized form for a full spectrum.
The brightness temperature Tb is related to the measured power U by the radiometer
equation
Tb =
1
Grec
U − Trec = aU − b. (2.3)
On the other hand, the brightness temperature of the atmosphere can be approximated by
the zenith opacity τ and a tropospheric mean temperature Tm,i, depending on elevation
angle ηi as
Tb = T bgb exp
( −τ
sin ηi
)
+ Tm,i
(
1− exp
( −τ
sin ηi
))
(2.4)
As suggested by Ingold, Peter, and Kämpfer, 1998, we derive the tropospheric mean
temperature from the surface temperature Ts as Tm,1 = Ts − 9.8 K and Tm,2 = Ts − 10 K
at 142 GHz (choosing Tm,1 = Tm,2 = Ts − 10 K would be a valid approximation). The
cosmic background temperature is included with T bgb = 2.7 K. The contribution from
the upper atmospheric layers is included in the opacity τ , which will have a frequency
dependence. Because these layers are optically thin compared to the troposphere and
wind retrievals are rather insensitive to absolute calibration, the approximation with a
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tropospheric mean temperature is appropriate and can be considered in the uncertainty
budget (Hagen et al., 2018, Table 2).
By combining equation (2.3) and equation (2.4) for the hot load measurement and the
atmospheric observations with i being the the index of different elevation angles η1 = 22◦
and η2 = 90◦, we get
T hot = aUhot − b (2.5)
Tb,i = aUi − b = T bgb exp
( −τ
sin ηi
)
+ Tm,i
(
1− exp
( −τ
sin ηi
))
. (2.6)
By substitution, we get rid of b:
b = aUhot − T hot (2.7)
Tb,i = a
(
Ui − Uhot
)
+ T hot (2.8)
We solve equation (2.8) for a, which leaves us with two equations (one for i = 1 and one
for i = 2):
a = 1
U1 − Uhot
[
T bgb exp
( −τ
sin ηi
)
+ Tm,1
(
1− exp
( −τ
sin ηi
))
− T hot
]
(2.9)
Both observations should yield the same receiver coefficient a and we use equation (2.9)
for i = 1 and i = 2, to get an equation with τ as the only unknown:
1
U1 − Uhot
[
T bgb exp
( −τ
sin η1
)
+ Tm,1
(
1− exp
( −τ
sin η1
))
− T hot
]
=
1
U2 − Uhot
T bgb exp
( −τ
sin η2
)
+ Tm,2
(
1− exp
( −τ
sin η2
))
− T hot (2.10)
Factoring out the exponential terms gives us the final equation:
0 = c0 + c1 exp
( −τ
sin η1
)
− c2 exp
( −τ
sin η2
)
(2.11)
where
c0 =
T hot − Tm,1
Uhot − U1
− T
hot − Tm,2
Uhot − U2
(2.12)
c1 =
Tm,1 − T bgb
Uhot − U1
(2.13)
c2 =
Tm,2 − T bgb
Uhot − U2
(2.14)
The equation (2.11) has no analytical solution but is typically convex for the opacities of
interest and can thus be solved numerically by applying a simple Newton iteration. The
solution τ∗ is the zenith opacity which describes best our measurements. By substituting
back, we also get the radiometer gain Grec and radiometer noise temperature Trec and the
radiometer is calibrated.
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Figure 2.7 The WIRA instrument at the ALOMAR observatory, Andenes, Norway. Photogra-
phy by Rolf Rüfenacht.
After calibration, the spectra are in units of brightness temperature. Before one can
retrieve wind speeds from a measurement, it has to be processed further, namely applying
a tropospheric correction and integrating over an appropriate timespan. The details of
the data processing are given by Hagen et al., 2018. Figure 2.6 shows an example of a
measured spectrum for one calibration cycle (about 5 minutes) for opposing directions
(east and west) with and without tropospheric correction applied.
2.3 The WIRA instrument
The WIRA (Wind Radiometer) instrument has been built at the Institute of Applied
Physics, University of Bern in 2010 (shown in figure 2.7). It has been designed as a proto-
type and proved the ground based microwave wind radiometry to be possible. Rüfenacht,
2015 discussed it extensively in his thesis and we will only highlight the most important
differences to WIRA-C here.
The WIRA instrument has originally been built as a double sideband receiver system and
has later been upgraded to a pre-amplified single sideband receiver. Now, the receiver
chain, including frontend and backend are similar to those of WIRA-C. It uses the same
low noise amplifier (LNA) in the frontend and the same USRP in the backend. By chance,
the LNA has a slightly higher noise-figure than the one in WIRA-C, which increases the
noise temperature by approx. 200 K compared to WIRA-C.
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The optical parts of WIRA, including mirrors, pyramidal-plate calibration load and feed
horn are exposed to weather. Especially the calibration target needs some time to dry off
after rainfall.
The microwave components are protected against weather by a plastic cap over the up-
wards pointing feed horn. In late December 2018, a crow picked the cap and water entered
the receiver chain during the next rainfall. This caused a longer downtime of the instru-
ment, with the need to replace amplifier and mixer in the receiver chain to recover the
instrument.
Compared to WIRA-C, WIRA does not have a path-length modulator and is more re-
stricted in its possible viewing directions. Further, it has a long IF cable running from the
instrument to the backend-rack in the laboratory. This is not necessarily a disadvantage,
as the baseline issues caused by reflections on the USRP input stage are not observed on
WIRA.
2.4 Modelling and Optimal estimation
The radiative transfer model describes the relation between the atmospheric state vector
x and the measurement vector y as x = F (y). The inversion thereof is typically ill-posed
because many (unphysical) configurations of the atmosphere lead to the same measured
brightness temperature. The optimal estimation method uses a priori values with associ-
ated uncertainties to regularize the inverse problem (Rodgers, 2000).
WIRA and WIRA-C measure the brightness temperature in four different cardinal direc-
tions and an ideal retrieval combines all observations to fit one atmospheric state.
Different retrieval setups have been used in the course of this thesis:
v1 Retrieve every direction separately. Calculate difference of final atmospheric states.
v2 Retrieve zonal and meridional wind separately (Hagen et al., 2018).
v3 Retrieve one atmospheric state that fits all observations.
While all of the retrieval versions provide high-quality wind profiles, the improvement form
v1 to v2 is manly an advantage for averaging kernels and quality control parameters. By
combining all (or at least two opposing) observations in one inversion, we can effectively
maximize the a posteriori likelihood of the wind profile given our four measurements in
all cardinal directions. This is especially important in the presence of frequency shifts or
drifts that are not related to wind. Such shifts are of systematic or random nature and can
originate from instrumental instabilities or offsets or even uncertainties in the molecular
resonance frequency.
The improvement from v2 to v3 is rather technical. Instead of iterating 2 times (for zonal
and then for meridional) we can iterate only once and retrieve the full atmospheric state
in one go. This improves performance and simplifies the retrieval process.
In the following, the retrieval v3 is described. The text is adapted from Hagen et al., 2018,
with changes for the v3 retrieval where necessary.
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In case of WIRA-C retrieval v3, the state vector ~x and the measurement vector ~y have
the following form for the wind retrieval:
~x =
[
~u ~v ~xO3 ∆f ~b
]ᵀ
(2.15)
~y =
[
~Tb,east ~Tb,west ~Tb,north ~Tb,south
]ᵀ
(2.16)
where the elements of ~x are itself vectors. For example the zonal wind speed profile is
given by ~u =
[
u(p1) u(p2) . . . u(pN )
]
for N pressure levels. Besides the zonal and
meridional wind profile ~u and ~v, the ~x vector also contains the profile of volume mixing
ratio of ozone ~xO3 as well as the frequency shift parameter ∆f and one or more baseline
parameters ~b. Finally, the brightness temperatures ~Tb,... are the calibrated and corrected
brightness temperatures observed in the respective directions.
The retrieval of ozone profiles is a by-product of the wind retrievals, because the bandwidth
of the high resolution spectrometer used for wind measurements is not large enough to
allow the retrieval of high-quality ozone profiles. Nevertheless, by applying a frequency-
agile spectrometer technique, the bandwidth can be expanded for ozone retrievals. This
technique is described in detail in Hagen et al., 2020b (see chapter 7).
The optimal estimation method then minimizes the cost function
χ2 = (~̂x− ~xa)ᵀSa−1(~̂x− ~xa) + (~y − F (~̂x))ᵀSε−1(~y − F (~̂x)) (2.17)
for finding the most probable atmospheric state ~̂x given the a priori profile ~xa and the
measurement ~y. The a priori profile ~xa is constructed analogously to the atmospheric
state ~x using climatology or model data. The inversion uses the assigned statistics in
form of the covariance matrices Sa and Sε for the a priori data and the measurement
respectively.
They are constructed as block diagonal matrices, analogous to the ~x and ~y vectors in
equation (2.15) and equation (2.16):
Sa =

Sa,u
Sa,v
Sa,XO3
Sa,∆f
Sa,b
 (2.18)
Sε =

STb,east
STb,west
STb,north
STb,south
 = σy I (2.19)
The value σy on the diagonal of Sε is directly determined as the Allan-deviation of the
measurement vector ~y by σ2y = 12〈(~yn+1 − ~yn)2〉.
Following Rodgers, 2000 and using a linearised form of the forward model with Jacobian
K, the solution that minimizes equation (2.17) in a linear case is
~̂x = ~xa + G(~y −K~xa) (2.20)
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where G is the gain-matrix and describes the sensitivity of the retrieved profile to changes
in the spectra:
G = ∂
~̂x
∂~y
=
(
KTSε−1K + Sa−1
)−1
KTSε−1. (2.21)
Since the frequency shift introduced by wind has a non-linear impact on the brightness
temperature, the final solution ~̂x is found by a Levenberg–Marquardt algorithm and equa-
tion (2.20) is applied iteratively while updating the point of linearisation for K but leaving
~xa fixed.
Assuming that Sε characterizes the radiometric noise on the spectra, the uncertainty of
the retrieved profiles due to thermal noise, the so called observational error σo, is defined
as
σ2o = diag
(
GSεGT
)
. (2.22)
We assume that the major contribution to the uncertainty on the retrieved profiles is
due to radiometric noise and thus use the observational error σo as a measure for the
uncertainty. It is important to note, that the observational error is influenced by the
a priori statistics via equation (2.21) and the observational error grows with increasing
a priori covariance because then the measurement and its noise have a bigger impact on
the retrieved quantity. We accept this as an inherent property of the optimal estimation
method: For a given thermal noise on the spectrum, the uncertainty of the retrieved value
is smaller if there is less ambiguity in the a priori state.
Another measure for quality of our retrieved state ~̂x is the averaging kernel matrix given
by
A = ∂
~̂x
∂~x
= GK. (2.23)
Each row of the matrix A is called an averaging kernel and describes the smoothing of
information.
The forward model and OEM implementation is provided by ARTS (version 2.3) (Buehler
et al., 2018). A big advantage of the OEM over other regularisation methods is the
availability of quality control parameters from A in (2.23). A representative set of such
parameters is shown in figure 2.8. The effective limitations in altitude range, altitude
resolution and altitude accuracy can readily be derived from these parameters. For WIRA-
C, with an integration time of 12 hours, the altitude resolution is around 10 km (according
to the Full Width at Half Maximum) and the offset in altitude information is lower than
5 km. A detailed uncertainty budget, including the estimation of possible random and
systematic sources of uncertainty is included in Hagen et al., 2018 (see chapter 5).
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Figure 2.8 Visualisation of the averaging kernel matrix (AVKM) for WIRA-C. The individual
aver aging kernels (rows of the AVKM) for each altitude are characterized by the measurement
response (MR), their full width at half maximum (FWHM) and the difference of their maximum
to the nominal height (Offset). The valid ranges for all parameters are marked by the green areas.
Valid components that fulfill all criteria are shown in colours and others in gray (or dashed lines
and hollow markers, respectively). Figure and description from Hagen et al., 2018.
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3 Aim and impact of this thesis
As outlined in chapter 1, dynamics in the middle atmosphere have a direct impact on
weather and extreme weather on Earth’s surface (Baldwin et al., 2003; Shaw and Shepherd,
2008). Better constraints on stratospheric initial conditions would improve the forecasting
capabilities of numerical weather prediction models (Charlton et al., 2004). Further, long
term stratospheric trends have an impact on climate change on the surface (Manzini et
al., 2014). Thus there is a need for a more comprehensive image of middle-atmospheric
dynamics.
Creating the community to provide the required products to gain further insight to middle-
atmospheric dynamics is the goal of the European Comission’s Horizon 2020 projects
ARISE and ARISE2 and the candidate project ARISE-IA 1. The core idea of this project is,
that complementary measurements can deliver the required insight to middle-atmospheric
dynamics if organized in a collaborative network. This collaboration and diversity of
instruments and methods is required, as no method alone is able to provide observations
on all relevant scales by itself (Blanc et al., 2018).
Passive microwave Doppler wind radiometry provides long-term continuous measurements
of horizontal wind speeds between 30 and 70 km where no other continuous wind mea-
surements are available to date.
In the long run, such measurements could be assimilated by models directly, or provide
auxiliary data for other measurements. For satellites with a sun-synchronous orbit, this
would be measurements of the diurnal tides which are aliased due to the orbit. For infra-
sound, this includes long-term background wind speed measurements which are needed to
model infrasound propagation.
The goals of this thesis can thus be summarized as follows:
• Characterize WIRA-C performance for middle-atmospheric wind measurements
• Reproduce and improve upon the WIRA prototype
• Acquire time-series of middle-atmospheric wind speeds at different latitudes
• Compare wind profile measurements to lidar measurements
• Compare WIRA-C measurements to models and reanalyses data sets
• Further develop passive microwave wind radiometry
1http://arise-project.eu, see also section 1.6
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Figure 3.1 Links between atmospheric constituents and dynamics. Wind has a direct impact
on the other constituents by transport. Names of microwave instruments from the Institute of
Applied Physics are annotated below the respective quantities they are able to measure. Figure
from N. Kämpfer, modified by F. Schranz.
The Institute of Applied Physics in Bern has a long history in passive radiometer devel-
opment for various applications, in particular also for ground-based atmospheric obser-
vations. In the past 30 years, many instruments for passive ground-based atmospheric
observations have been developed at the institute. Figure 3.1 illustrates interactions be-
tween different players in the atmosphere. Wind acts on all other chemical species like
ozone, water vapor, ozone depleting substances (ODSs) and green-house gases (GHGs) by
transport. Many of the atmospheric constituents shown in this figure can be measured
by microwave radiometry and specifically by instruments built at the Institute of Applied
Physics in Bern. Namely these are GROMOS and GROMOS-C for ozone monitoring,
TEMPERA for temperature measurements, MIAWARA and MIAWARA-C for measur-
ing middle-atmospheric water vapour and WIRA and WIRA-C for wind measurements.
Ozone and water vapor radiometers have a long history at the institute of Applied Physics
in Bern, while wind radiometers are very recent developments.
The advantage of radiometry (be it wind, temperature, ozone, water vapour) is its capabil-
ity to operate autonomously and mostly independent of weather conditions over decades
with stable quality. Thus microwave radiometry can even provide data for trend studies
(Bernet et al., 2019). Low vertical and temporal resolution are the main weaknesses of
passive microwave wind radiometry when compared to other technologies like lidar. In
combination with highly accurate, but point-in-time snapshot measurements like balloon
and rocket soundings and lidar measurements as well as other techniques such as infra-
sound and radar systems, a comprehensive middle-atmospheric research infrastructure can
be envisioned.
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69 °N, Andøya
46 °N, Bern
21 °S, La Réunion
Figure 4.1 World map with the three campaign locations: ALOMAR on Andøya at 69 °N, Bern
at 46 °N and Maïdo on La Réunion at 21 °S.
This chapter presents and summarizes the three campaigns of the wind radiometers
WIRA-C and WIRA which took place in the last years. The campaign locations are spread
across different latitudes: La Réunion (indian ocean) in the tropics, Bern (Switzerland) at
mid-latitudes and Andøya (Norway) within the arctic circle as mapped in figure 4.1.
The distribution of campaigns over different latitudes enables the observation of different
middle atmospheric effects which are typical for the respective latitude. For tropical
latitudes this would be the stratospheric surf zone with planetary wave braking and for
polar latitudes this would for example be sudden stratospheric warmings. The following
chapters present wind measurements in the context of such dynamics.
Each campaign location has a specific climatic environment that has an influence on
radiometric measurements. In figure 2.1, the emission lines of ozone as simulated by
ARTS is shown for different latitudes. This figure shows, that the amplitude (difference of
tip to wing brightness temperature) of the ozone line is larger at polar and mid-latitudes
than in the tropics, but comparable to a station in the tropics at over 2000 m above sea
level.
Figure 4.2 shows the zenith opacity for the three different campaign locations aggregated
by month and hour of day. It is the result of the calibration routine described in sec-
tion 2.2.3 (denoted as τ) at 142.125 GHz (50 MHz off the ozone line center). The mid-
latitude and arctic sites (Bern and ALOMAR) show a clear annual cycle with high opacities
in the summer months. At the Maïdo observatory, which is located at 2200 m.a.s.l, the
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Figure 4.2 Zenith opacity at line wing, obtained from the tipping curve calibration from
WIRA-C and WIRA for the three campaign locations aggregated by month and mean local solar
time.
diurnal cycle due to tropical (and micro-climatic) weather patterns is readily visible. It
is most pronounced during austral summer (December to March) with the maximum in
opacity visible in the afternoon, when mist and thick clouds enwrap the vcolcanic sum-
mits of La Réunion island. At mid and polar latitudes, while a diurnal cycle of water
vapour concentration exists (e.g. for Bern Hocke et al., 2019), its influence is apparently
small at 142 GHz and averaged out when aggregating whole months. Ideal conditions for
radiometric observations are found in (austral and boreal) winter. The rate of rainfall
is another limiting factor to radiometric observations since observations are not possible
when the optical components are covered by highly absorbing water. This cannot directly
be seen from the opacity shown in figure 4.2, as the measurements are interrupted if rain
is detected.
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4.1 WIRA-C: La Réunion
The first long-term campaign of WIRA-C took place in the frame of the ARISE2 project
at the Maïdo observatory on La Réunion (French overseas department) from 2016 to 2018.
The exact dates and coordinates of the campaign are listed in table 4.1.
On La Réunion (21 °S), a tropical island in the indian ocean, the Maïdo observatory is
located at the slope of an inactive volcano crater, at 2200 m.a.s.l. At these altitudes, the
observatory is close to the free troposphere and provides optimal conditions for optical and
quasi-optical atmospheric observations. The observatory is a multi instrument reference
station to the ARISE2 project and hosts a variety of instruments, including a temperature
and wind lidar and an infrasound array. Figure 4.3 shows the WIRA-C instrument on the
roof of the Maïdo observatory.
As it was the first long-term campaign of WIRA-C, the Maïdo campaign was focused on
testing the instrument as well as performing a first validation against models and lidar
measurements. Specifically, the goals of this campaign are summarized as follows:
• Perform long-term continuous measurements over the course of at least a full year
• Retrieve a continuous time-series of horizontal wind in the middle-atmosphere
• Test the WIRA-C design (hardware / algorithms) in a tropical environment with
high humidity and daily rainfall
• Observe seasonal cycle of middle atmospheric wind in the tropical region, including
planetary wave activity
• Perform comparisons with the Doppler wind lidar at the Maïdo observatory
• Contribute data to the ARISE2 data-portal project for cross-comparison and vali-
dation
Figure 4.6 and figure 4.7 show the timeseries of zonal and meridional wind measured during
the Maïdo campaign of WIRA-C with a time resolution of 12 hours. Over the course of
the 17 months campaign, approximately 12 months have been measured continuously
after a failure of the WIRA-C frontend has been fixed. The figures also contain analysis
data from the European Centre for Medium-Range Weather Forecasts (ECMWF). On
one panel, the ECMWF data is convolved with the averaging kernels and adjusted for
the temporal resolution of WIRA-C to provide a qualitative reference. Further, also the
raw ECMWF operational analysis is shown. These observations show the manifestation
of some interesting atmospheric processes.
For example, one can see the atmospheric wind reversal around equinox in March 2017 from
the westwards regime changing to the eastwards regime and back (November 2018). While
Location Maïdo Observatory, La Réunion, Indian Ocean, France
Coordinates 21 °S, 55 °E
Altitude 2158 m.a.s.l
Period 2016-08-28 to 2018-07-27
Duration 17 months
Table 4.1 Coordinates and dates of the Maïdo Campaign of WIRA-C.
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Figure 4.3 WIRA-C on the roof of the Maïdo observatory on La Réunion. In the background
are various other instruments, mostly for air-quality and meteorological observations. Also in the
background is the partially open hatch of the lidar system. Photography by Patrick Hupe.
the change in March occurs in a downward-propagation, the reversal in austral spring is
more instantaneous and happens on the whole observed altitude range at the same time.
This feature is also represented in the ECMWF model data. A more detailed comparison
of measurements and models is contained in (Hagen et al., 2018), and shows that the
ECMWF operational model and WIRA-C measurements agree well when comparing the
12 hourly averages. The differences between model and measurements are mostly within
the estimated uncertainty of the measurements. Even in the context of strong planetary
wave activity (as described below), the model is able to capture the dynamics and agrees
with the measurements.
In July and August 2018, the zonal wind speed features a strong oscillation with a period
of approximately 10 to 15 days where the eastward flow is interrupted by short periods of
westward flow. Corresponding patterns of meridional wind enhancements are also evident
during this period (figure 4.7). This is due to the planetary scale Rossby waves, which
reverse the wind speed locally in the whirl of their breaking region. Due to the different
distribution between ocean and land in the southern hemisphere, these waves reach much
closer to the equator than in the northern hemisphere. Figure 4.4 shows this phenomenon
in a global context with the wind and temperature field as modeled by ECMWF during
these events. The waves are visible as patches in the meridional wind field or as wave-like
structure in the zonal wind field in the global view.
Another highlight of the Maïdo campaign was the possibility to compare our measure-
ments with the Rayleigh–Mie Doppler wind lidar (Khaykin et al., 2016) that is located at
the Maïdo observatory. Figure 4.5 shows seven coincident measurements of the Doppler
wind lidar and WIRA-C together with ECMWF operational model data and radio sound-
ings. While the lidar measurements represent point-in-time measurements with observa-
tion times between 3 and 10 hours, WIRA-C measures continuously and the integration
time for one profile has been set to 12 hours. Immediately apparent is the difference in
32
4.1 WIRA-C: La Réunion
100
50
0
50
100
Zo
na
l W
in
d 
/ m
s
1
60
40
20
0
20
40
60
M
er
id
io
na
l W
in
d 
/ m
s
1
60
40
20
0
20
40
Te
m
pe
ra
tu
re
 / 
°C
0
20
40
60
80
100
120
W
in
d 
Sp
ee
d 
/ m
s
1
2017-08-06 18h, level 9, 0.33 hPa, approx 55.7 km
Figure 4.4 Rossby-waves reach tropical latitudes in the southern hemisphere: Zonal wind speed
(top left), meridional wind speed (bottom left), temperature field (top right), wind magnitude
and direction (bottom right) form ECMWF analysis data at level 9 (55 km altitude). All three
campaign locations (La Réunion, Andøya, Bern) are marked for reference.
altitude resolution for the two instruments. While the lidar is able to capture small scale
variations, which might come from gravity waves, WIRA-C presents a much smoother
profiles. For longer integration times of the lidar (for example 9.7 hours on 2017-06-22),
the profiles agree well within their respective uncertainties.
The data of this campaign has been contributed to the ARISE2 data portal1, where the
zonal and meridional wind speed product is available to the public.
The results of this campaign can be summarized in the following points:
• WIRA-C is capable to deliver continuous wind profile measurements with 12 hours
temporal and 10 to 15 km vertical resolution in an altitude region from 30 to 75 km
• The stratospheric wind reversal around equinox can be observed
• Planetary wave activity in austral winter can be observed (Earth’s largest breaking
waves!)
• ECMWF model data and WIRA-C measurements agree well
• Comparison with coincident lidar wind profiles show that the two instruments agree
well
• Lidar and WIRA-C measurements agree best for longest lidar integration times
• ECMWF model indicates diurnal variability in wind speeds of a few ms−1(lidar is
only capable to measure during night time)
• The measurement data has been contributed to the ARISE data portal
1The ARISE data portal is accessible online: arise-portal.eu
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The variability of the middle atmosphere within a day as seen in models and also by
previous lidar campaigns, gave rise to further questions. When comparing short lidar
measurements to continuous WIRA-C measurements, the short term variability in the
wind field has to be considered. Especially the variability of tidal waves in the wind field
and their possible impact to measurements of any kind (lidar, sattelite, infrasound and
microwave) was identified as a topic of interest to the community.
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Figure 4.5 Seven coincident observations of zonal wind from WIRA-C and Doppler lidar from
August 2016 and June 2017 together with radio soundings and ECMWF operational model data
at different times, WIRA-C measurements start at 14:00 UT (18:00 LT) and lidar measurements
typically between 17:00 and 20:00 UT (21:00 and 24:00 LT). The integration time for WIRA-C is
12 h for every profile while the measurement time for the lidar observation (given in parenthesis)
is typically between 3 and 3.5 h, with the exception of 21 and 22 June 2017, where measurement
took 8.8 and 9.7 h, respectively. Source of radiosonde data: Météo-France. Figure and description
from Hagen et al., 2018.
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Figure 4.6 Zonal wind as measured by WIRA-C on Maido (top) with ECMWF operational
analysis data, convolved with the averaging kernels (middle) and in its original form (bottom).
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Figure 4.7 Meridional wind as measured by WIRA-C on Maido (top) with ECMWF operational
analysis data, convolved with the averaging kernels (middle) and in its original form (bottom).
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Figure 4.8 WIRA-C on the roof of the Arctic Lidar Observatory for Middle Atmosphere Research
(ALOMAR) building on Andøya, Norway. On the left side, the hatch of the RMR lidar is visible.
38
4.2 WIRA-C: Andøya
4.2 WIRA-C: Andøya
In June 2018, WIRA-C was relocated to Andøya in Norway at 69 °N. The dates and
coordinates for this campaign are given in table 4.2. The Arctic Lidar Observatory for
Middle Atmosphere Research (ALOMAR) is a research station at the Andøya Space Cen-
ter (ASC) with over a dozen different active and passive instruments to observe the Arctic
atmosphere2. Most notably, ALOMAR hosts the RMR-Lidar (Baumgarten, 2010), a day-
light capable lidar that measures temperature and wind up to approx. 80 km altitude
under optimal conditions. Further, the VHF MAARSY radar and the rocket launch pad
allow for distinguished multi-instrument campaigns for exploring the Arctic atmosphere
(e.g. Strelnikov et al., 2017). The ALOMAR observatory is a multi-instrument reference
station to the ARISE projects, with many different nations collaborating.
Located inside the polar circle, the ALOMAR observatory is an ideal place to observe
the arctic middle-atmosphere. The goals of the WIRA-C campaign on Andøya can be
summarized as follows:
• Acquire a time series of horizontal wind speeds in the arctic middle atmosphere
• Observe wind speeds in the context of sudden stratospheric warmings
• Compare WIRA-C measurements to the ALOMAR lidar
• Test WIRA-C performance (instrument / algorithms) in arctic maritime environ-
ment (rainfall, polar day and night)
• Provide a data set of horizontal wind speeds up to 75 km to complement continuous
meteor radar observations in the mesosphere
The weather in Andøya is dominated by the marine climate and is variable only within
days to weeks with long-lasting periods of light rainfall that peaks in September, right
after the warmest months. Since passive radiometers can not measure during rainfall,
we have periods with very few measurements and thus a low measurement response in
the daily average. On the other hand, during periods of dry weather, the conditions for
radiometric observations are nearly ideal. Polar day at Andenes lasts from 19. May to 24.
July and polar night from 28. November 28 to 14. January.
Figure 4.11 and figure 4.15 show the whole WIRA-C time series measured at ALOMAR to
date with a time resolution of 24 hours. Generally, it can be seen, that the measurement
response during the summer months is lower than during the winter months due to many
days with light rainfall. Due to the reduced measurement time during these periods and
2https://www.andoyaspace.no/alomar-observatory/
Location ALOMAR Observatory, Andøya, Norway
Coordinates 69 °N, 16 °E
Altitude 370 m.a.s.l
Period 2018-06-11 (ongoing)
Duration approx. 24 months
Table 4.2 Coordinates and dates of the Andøya Campaign of WIRA-C.
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Figure 4.9 Zonal wind (top left), meridional wind (bottom left), temperature (top right) and
wind speed and direction (bottom right) from ECMWF operational model output on 40 km altitude
at 2018-12-25, right before the sudden stratospheric warming 2018/2019. The campaign locations
Andøya and Bern are marked.
the reduced daily cycle during polar day and night, we use a time resolution of 24 hours
for the overview plots.
This timeseries exposes many interesting features of the arctic middle atmosphere. Most
prominently, the timeseries features the sudden stratospheric warming (SSW) in winter
2018/2019 with a short reversal of zonal wind followed by an eastward wind enhancement.
The global context of this event is visualized in figure 4.9 and figure 4.10 using ECMWF
operation model data before the SSW and at the central date (2019-01-06). In figure 4.9,
it can be seen that the polar vortex shifts off from the pole, leading to high meridional
wind speeds. These periods of enhanced meridional wind speeds are typical for the vortex
splitting events. The corresponding pattern is clearly visible in the WIRA-C measure-
ments of meridional wind speed in figure 4.12, which shows a clear disruption of the weak
meridional background wind in the beginning of January 2019 with exceptionally strong
meridional winds. The same pattern is also represented in the corresponding ECMWF
data. A difference between the model and measurements appears in the zonal wind mea-
surement during the SSW event. The zonal wind reversal on 40 km altitude persists longer
in the WIRA-C measurements than in the ECMWF models. It would be interesting to
further examine this feature, and check if similar differences are observable for other SSW
events.
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2019-01-06 12h, level 20, 3.16 hPa, approx 40 km
Figure 4.10 Zonal wind (top left), meridional wind (bottom left), temperature (top right) and
wind speed and direction (bottom right) from ECMWF operational model output on 40 km altitude
at 2019-01-06, at the central date of the sudden stratospheric warming 2018/2019. The campaign
locations Andøya and Bern are marked.
The SSW 2018/2019 and its impact on the arctic middle atmosphere, as observed by the
GROMOS-C microwave radiometer from Ny-Ålesund, is described in detail by Schranz et
al., 2019b. Unfortunately, the WIRA-C elevation drive controller broke shortly after this
event, prohibiting the observation of the atmosphere after the SSW until the controller
has been replaced. A much less dramatic event of polar vortex offset is visible in winter
2019/2020 in the measurements of figure 4.12, where meridional winds enhance for a short
period of time. A thorough comparison of measurements and models in the context of
such events would certainly be an interesting topic for future studies.
Further, the stratospheric wind reversal in spring and autumn is well represented in mea-
surements and models and happens on all observed altitudes simultaneously. Otherwise
the observed wind background is rather stable over extended periods of time. The stable
background allows the aggregation of measurements over longer periods, which has been
exploited in the study about atmospheric tides (Hagen et al., 2020a).
In summary, the results from the WIRA-C campaign at the ALOMAR observatory can
be summarized as follows:
• A continuous time series of horizontal wind speeds has been measured in arctic
latitudes
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• The signature of sudden stratospheric warmings in the wind field is well captured
by our measurements
• Detailed comparisons of models and measurements in the context of such events is
yet to be done, lidar measurements would be of high value for such comparisons
• The periods of stable eastward wind in the summer periods are beneficial for studying
atmospheric tides in the middle atmospheric wind field
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Figure 4.11 Zonal wind as measured by WIRA-C at ALOMAR (top) with ECMWF operational
analysis data, convolved with the averaging kernels (middle) and in its original form (bottom).
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Figure 4.12 Meridional wind as measured by WIRA-C at ALOMAR (top) with ECMWF op-
erational analysis data, convolved with the averaging kernels (middle) and in its original form
(bottom).
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4 Campaigns
Figure 4.13 WIRA on the roof of the building Exakte Wissenschaften at the University of Bern.
The bird-spikes have been added after a crow ruined the measurement of a sudden stratospheric
warming by destroying the protective cover of the feed horn.
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4.3 WIRA: Bern
Since April 2018, WIRA is located in Bern, Switzerland on the roof of the building Exakte
Wissenschaften of the University of Bern, shown in figure 4.13. The dates and coordinates
of this campaign are shown in table 4.3.
Figure 4.14 and figure 4.15 show the measured timeseries during this campaign together
with ECMWF operational analysis data with a 24 hour resolution. The time series shows
a very strong annual cycle with eastward winds in summer and westwards wind in winter.
The middle-atmospheric wind reversals in spring and autumn happens quickly and on all
altitudes simultaneously. In winter, very strong eastward wind jets establish with wind
speeds of 100 ms−1 stable over weeks and peaks up to 120 ms−1. Meridional wind speeds
are below 20 ms−1 during summer time.
As can be seen in figure 4.10 (previous section), the sudden stratospheric warming in
winter 2019/2020 affected also the middle atmosphere in mid-latitudes. The reversals of
meridional wind would have been observable in Bern (47 °N) by WIRA. Unfortunately
a rather curious event foiled this observation. On December 24th 2018 (Christmas Eve),
a crow destroyed the protective cover over the feed horn of WIRA, leaving the receiver
chain unprotected against humidity and precipitation. This has not immediately been
discovered, but since the feed horn is pointing upwards, the receiver chain filled with water
during the next rainfall. Astonishingly the microwave components recovered after the first
light rainfall and the failure was not discovered until the instrument failed permanently.
All parts have been replaced and operation was back to normal in July 2019.
The data acquired from WIRA in Bern has not been used in the publications contained
in this thesis, but has a big potential which is to be exploited in following studies. For
example:
• Examine tides in the wind field in mid-latitudes
• Examine the phase relation of tides in the wind and temperature field together with
the TEMPERA radiometer located in Payerne, Switzerland.
• Compare wind measurements to the (recently updated) lidar at the Haute-Provence
Observatory (French Alps)
• Retrieve ozone data using the frequency-agile FFTS technique and compare ozone
data to GROMOS (co-located)
Location EXWI, University of Bern, Bern, Switzerland
Coordinates 47 °N, 7.4 °E
Altitude 575 m.a.s.l
Period 2018-04-11 (ongoing)
Duration approx. 24 months
Table 4.3 Coordinates and dates of the Bern Campaign of WIRA.
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Figure 4.14 Zonal wind as measured by WIRA in Bern (top) with ECMWF operational analysis
data, convolved with the averaging kernels (middle) and in its original form (bottom).
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Figure 4.15 Meridional wind as measured by WIRA in Bern (top) with ECMWF operational
analysis data, convolved with the averaging kernels (middle) and in its original form (bottom).
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5 Publication: The WIRA-C in-
strument
Summary
This publication presents the WIRA-C instrument for the first time. While wind in
the atmosphere can be measured using various techniques (see chapter 1), continuous
measurements of altitude resolved wind profiles in the middle atmosphere (30 to 75 km)
are very scarce. Passive microwave wind radiometry is capable to cover this gap and
provides a method to retrieve robust and high quality continuous measurements of zonal
and meridional wind speeds in this altitude region. While many publications are available
on the WIRA instrument (e.g. Rüfenacht, Kämpfer, and Murk, 2012; Rüfenacht et al.,
2014), this publication is fully dedicated to the technical details and first measurements
of WIRA-C.
The manuscript contains a detailed description of many instrumental aspects, including the
receiver system, calibration, wind retrieval algorithm and a detailed uncertainty budget.
Further, we presented measurements of horizontal wind speeds between 30 and 75 km
as acquired during the Maïdo campaign. Seven coincident lidar measurements form the
Doppler wind lidar at the Maïdo observatory and ECMWF operational model output are
used for comparison.
We show, that WIRA-C delivers profiles of zonal and meridional wind speeds for the alti-
tude range of 35 to 75 km with a temporal resolution of 12 hours. The uncertainty budget
shows that the random error sources (instrumental noise) are larger than the estimated
systematic uncertainties and we put an uncertainty of 15 ms−1(lowermost altitude) to
26 ms−1(uppermost altitude) to our measurements of 12 hourly resolved wind profiles.
The altitude resolution is as good as 10 km for the whole altitude range.
The comparisons with the lidar instrument and the ECMWF model data do not expose
any systematic biases and agree within or close to their respective uncertainties.
Publication
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Abstract. Ground-based microwave wind radiometry pro-
vides a method to measure horizontal wind speeds at alti-
tudes between 35 and 75 km as has been shown by various
previous studies. No other method is capable of continuously
delivering wind measurements in this altitude region. As op-
posed to lidar systems, microwave radiometers operate au-
tonomously and independent of daylight and clouds.
In this paper, we present the WIRA-C (Wind Radiometer
for Campaigns) instrument that observes the 142.17504 GHz
rotational transition line of ozone with a high spectral resolu-
tion using a low noise single side band heterodyne receiver.
Because the emitting molecules are drifting with the wind,
the line is Doppler shifted. Together with the pressure broad-
ening effect, this allows the retrieval of altitude resolved wind
profiles.
The novel WIRA-C instrument represents the newest de-
velopment in microwave wind radiometry and implements
many improvements over its predecessor, the WIRA instru-
ment. The main improvements include the compact structure,
lower noise and an advanced retrieval setup. This paper de-
scribes the instrument and the data processing with a focus
on the retrieval that takes into account a three-dimensional at-
mosphere and has never been used in ground-based radiom-
etry before. The retrieval yields profiles of horizontal wind
speeds with a 12 h time resolution and a vertical resolution of
10 km for zonal and 10 to 15 km for meridional wind speeds.
We give an error estimate that accounts for the thermal noise
on the measured spectra and additionally estimate systematic
errors using Monte Carlo methods.
WIRA-C has been continuously measuring horizontal
wind speeds for 1 year at the Maïdo observatory on Réunion
(21.4◦ S, 55.9◦ E). We present the time series of this cam-
paign and compare our measurements to model data from
the European Centre for Medium-range Weather Forecasts
(ECMWF) and coincident measurements of the co-located
Rayleigh–Mie Doppler wind lidar. We find a good agree-
ment between our measurements and the ECMWF opera-
tional analysis for the time series, where many features are
present in both datasets. The wind profiles of the coinci-
dent WIRA-C and lidar observations are consistent and agree
within their respective uncertainties for the lidar measure-
ments with long integration times.
1 Introduction
Wind is a key parameter of dynamics throughout the atmo-
sphere. In the troposphere, wind is directly related to weather
phenomena. Dynamics in the stratosphere also have an in-
fluence on tropospheric dynamics and thus on weather phe-
nomena (Baldwin et al., 2003; Charlton et al., 2004). Hence,
many numerical weather prediction models have extended
their upper limit to the mesosphere region in the past few
years. At the same time, it is a fact that nearly no measure-
ments of wind speeds in the upper stratosphere and the lower
mesosphere exist. This region roughly corresponds to the so
called radar gap, where too few scatterers for radar obser-
vations are present. The first wind radiometer WIRA proved
Doppler microwave radiometry to be a suitable method to
achieve wind profile observations between 35 and 75 km al-
titude on a campaign basis as well as for long term station-
ary measurements (Rüfenacht et al., 2012, 2014). In con-
trast, Rayleigh–Mie Doppler wind lidar techniques can also
reach the upper stratosphere or even the mesosphere at 80 km
Published by Copernicus Publications on behalf of the European Geosciences Union.
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(Souprayen et al., 1999; Baumgarten, 2010; Yan et al., 2017).
Lidar systems can provide wind profiles with a high temporal
and spacial resolution; however, they always need clear sky
conditions and measurements during daytime are difficult to
achieve. In addition, they are not operating autonomously
and are thus not very well suited for continuous wind mea-
surements.
Rogers et al. (2016) observed the 11 GHz ozone line using
low-cost satellite television electronics and derived seasonal
and local solar time aggregated wind speeds at 95 km altitude
using 5 years of measurements.
Spaceborne instruments like the Microwave Limb Sounder
(MLS) measured wind speeds between 70 and 95 km (Wu
et al., 2008) using the Doppler shift introduced to the
118 GHz emission line of oxygen and proposed to extend this
range towards 40 km by using other emission lines. The Su-
perconducting Submillimeter Wave Limb-Emission Sounder
(SMILES) observed winds between October 2009 and April
2010 between 30 and 80 km by observing the Doppler shift
of the 625 GHz ozone emission line and the HCl emission
line at 625 GHz (Baron et al., 2013).
Ground-based passive microwave instruments are au-
tonomous and independent of daylight or clouds and can thus
deliver continuous measurements, even though with lower
spacial and temporal resolution compared to lidar. Such
measurements are important for the validation of models
and other instruments, as demonstrated by Rüfenacht et al.
(2018). In addition Le Pichon et al. (2015) showed that mi-
crowave wind radiometry is a valuable complement to other
techniques like lidar and infrasound at multi instrument sites
and contributes to the general understanding of middle atmo-
spheric dynamics.
The WIRA-C instrument (Wind Radiometer for Cam-
paigns) presented here, represents the newest development in
microwave wind radiometry. It is capable to deliver 12 hourly
resolved wind profiles in an altitude range of 35 to 75 km.
Compared to the WIRA instrument (Rüfenacht et al., 2012),
it is more compact, and thus easier to deploy and operate
on campaigns. All optical elements, including the calibration
target and the corrugated feed horn antenna, are integrated in
a single housing with a stable temperature and stay dry and
clean at all times, which allows us to resume high-quality
observations immediately after rainfall. Furthermore, we ap-
ply a three-dimensional retrieval method (Christensen, 2015)
that has never been used for ground based radiometry before.
After a short introduction of the measurement principle,
we present the instrument, its optics and receiver system in
Sect. 3. The data processing and the retrieval process used to
obtain wind profiles from radiometric measurements is pre-
sented in Sect. 4. Also in Sect. 4, we present error estimations
for random and systematic errors of our retrieval. Finally, the
results from the 1-year campaign of WIRA-C on the Maïdo
observatory on Réunion are shown in Sect. 5 and we compare
our measurement data to the European Centre for Medium-
range Weather Forecasts (ECMWF) operational model that
is widely used in middle atmospheric research and to coinci-
dent lidar measurements.
2 Measurement principle
WIRA-C measures the spectral intensity of the
142.17504 GHz ozone rotational transition emission
line. Wind information is introduced to the emission line by
the classical Doppler shift, the linear relation between the
line-of-sight speed of an emitter drifting with the wind flow
vlos and the observed frequency shift 1ν:
1ν =
vlos
c
ν0. (1)
Further, the emission line is pressure broadened, meaning
that information about the altitude of the emitters is encoded
in the spectrum. This allows the retrieval of wind profiles
up to approximately 75 km, where the altitude-independent
Doppler broadening effect starts to dominate.
Because the Doppler shift is proportional to the emitted
frequency ν0, it is advantageous to use a high observation
frequency. We chose the 142 GHz emission line of ozone be-
cause of its strong magnitude and because the troposphere
is more transparent in this frequency range than at higher
frequencies. This limits the tropospheric contribution to the
observed spectrum and increases the signal-to-noise ratio for
middle atmospheric emission signals.
Passive microwave wind radiometers require a stable
frequency reference as the ratio between observation fre-
quency and the Doppler shift is in the order of 10−8 to
10−7 for typical atmospheric wind speeds of 10 m s−1 or
100 m s−1, respectively. Given our observation frequency
of 142.17504 GHz, the Doppler shift introduced by line-of-
sight wind speeds is 4.75 kHz per 10 m s−1. Further, we rely
on opposing measurement directions, for example eastwards
vs. westwards, to derive an absolute wind speed in the pres-
ence of possible frequency drifts and shifts not related to
wind. This implies that we assume the horizontal wind speed
to be constant over the horizontal distance spanned by the
two opposing line-of-sights. For an elevation angle of 22◦,
this horizontal distance would be 150 km at 30 km altitude
and 370 km at 70 km altitude.
3 The instrument
WIRA-C has been designed to be compact and autonomous.
As depicted in Fig. 1, it fits into one single housing with the
dimensions 0.6×0.75×0.5 m and is set up on a tripod. It only
needs an ethernet and a power connection and thus requires
no additional laboratory space. Once set up, it measures au-
tonomously and we supervise and configure the measure-
ment process via remote connection. This makes WIRA-C an
ideal instrument for campaigns at remote locations as well as
for long term continuous observations.
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Figure 1. The WIRA-C instrument as installed on the Maïdo ob-
servatory on Réunion. It measures 0.6× 0.75× 0.5 m and contains
the optics, the receiver, a spectrometer, a computer and power sup-
plies. Radiation from the sky enters the instrument through the scan
drum (a), which is at the same time the air outlet. The air filters (b)
are placed below the instrument and the GNSS antenna and a rain
sensor (c) are attached on top .
Besides the more compact structure, several technical im-
provements have been made over the WIRA prototype pre-
sented by Rüfenacht et al. (2012). Firstly, WIRA-C has a bet-
ter signal-to-noise ratio than WIRA, thanks to the better low
noise amplifier (LNA) in the receiver chain. Secondly, while
WIRA observes at a fixed elevation angle of 22◦, WIRA-C
can freely select the elevation and azimuth angle to look at
the sky thanks to independent elevation and azimuth drives.
This makes WIRA-C a true all-sky microwave radiometer,
similar to the concept of ASMUWARA (Martin et al., 2006),
and we will benefit from this flexibility in the future, e.g.
for the characterisation of tropospheric inhomogeneities in
the context of tipping curve calibration. At the moment we
use the all-sky mode only for the geometrical alignment by
scanning the sun. For wind measurements we use the same
well-established observation scheme as for WIRA because
22◦ elevation provide an optimum in terms of projection
of horizontal wind speed to the line-of-sight vs. decreas-
ing signal to noise ratio with increasing path length through
the troposphere. Further, the ambient temperature calibration
target is embedded inside the housing and thus better pro-
tected against environmental influence such as inhomoge-
neous heating by solar radiation. In particular, the optics and
the calibration target are fully protected against rain. As no
highly absorbing water can be deposited on the optical com-
ponents, the instrument can resume the measurement imme-
diately after rainfall has stopped. In addition many smaller
technical improvements have been implemented, for exam-
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Figure 2. WIRA-C optics with flat mirror M3 (inside the scan-
drum), flat mirror M2 (on a linear stage), elliptical mirror M1, ellip-
tical mirror M4 (slewable, drawn in inactive state), hot load and the
front end with the feed horn.
ple the path length modulator to mitigate standing waves be-
tween calibration target and receiver. The key specifications
of WIRA-C are summarised in Table 1.
3.1 Receiver optics
Figure 2 shows the optical system with its four mirrors. Ra-
diation from the sky enters the instrument through the scan
drum that contains the flat mirror M3 and is rotatable to se-
lect any elevation angle. Together with the azimuthal drive at
the bottom of the instrument, all cardinal directions (north,
east, south, west) can be observed. This is important for ro-
bust wind retrievals, as the observation of opposite directions
allows us to compensate for possible shifts in absolute fre-
quency scale and also makes the calibration more robust as
will be explained in Sect. 4.1.
From mirror M3, the radiation is deflected by the flat mir-
ror M2 and coupled into the feed horn antenna by the ellip-
tical mirror M1. The mirror M2 is mounted on a linear stage
that can be shifted back and forth to make a λ/4 difference
in optical path length between two measurements. This path
length modulation is especially useful for calibration with the
internal hot load as it mitigates standing waves between the
receiver and the calibration target by destructive interference.
The calibration target is an aluminium wedge with a half
angle of 12◦, coated with absorbing material Eccosorb MMI-
U. This absorber type from Laird NV is particularly well
suited for those frequencies as shown by Fernandez et al.
(2015b). Mirror M4 can be moved into the optical path to
perform a hot load measurement and because of its ellipti-
cal shape focuses the beam to fit the load aperture, which
results in a very compact calibration wedge. The calibration
wedge is placed with its plane of incidence perpendicular to
the electric field, which is generally referred to as transversal-
magnetic (TM) mode. As measured with the setup described
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Table 1. Key specifications of the WIRA-C microwave Wind Ra-
diometer for Campaigns.
Optics Ultra-Gaussian feed horn + elliptical and
flat mirrors
Beam width 2.3◦ FWHM
Receiver type Pre-amplified single-side band heterodyne
Frequency 142.17504 GHz
Bandwidth 2× 120 MHz
Backend Ettus Research USRP, FFTS
Spectral resolution 12.2 KHz
System Temperature 550 K
Calibration Hot load + tipping curve
Elevation range All sky
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Figure 3. Measured and simulated far-field beam cuts of the whole
instrument when pointing to zenith direction. Panel (a) shows the
cut along the Y -Z-plane which is also the plane of reflection on the
last mirror (see Fig. 2 for the coordinate system). Panel (b) shows
the perpendicular cut. The gray dashed line marks the−35 dB level.
in Murk et al. (2006), the calibration wedge performs well
with a reflectivity lower than −60 dB at 142 GHz.
A narrow beam with low side lobes is required for a well
defined pointing. This is important for ground based radio-
metric measurements of the middle atmosphere, as the path
length through the troposphere, and thus the tropospheric
signal, increases rapidly with decreasing elevation angle,
especially at low elevation angles used for wind measure-
ments. The antenna of WIRA-C is an ultra low side lobe
Gaussian corrugated feed horn with a divergence angle of
2feed = 14.3◦. The elliptical mirror M1 transforms this beam
to the near-pencil instrument beam that has a full width at
half maximum divergence angle of 2instr = 2.1◦.
We measured the beam pattern of the instrument using a
vector network analyzer (VNA) in the near-field. The exper-
imental setup for this measurement includes an open-ended
waveguide probe placed in front of the instrument on a linear
scanning stage that allows scanning along the x and y axis
(see Fig. 2 for the coordinate system). The VNA source sig-
nal at 142 GHz is coupled into the optics by the WIRA-C
feed horn. Figure 3 shows the far-field transformation of the
scanning along the two axes as well as the corresponding
physics simulations carried out with GRASP (TICRA, 2015).
The measurements and simulations agree on a full width at
half maximum of the beam of 2.1◦ and confirm the side lobes
to be below −35 dB.
3.2 Receiver electronics
The receiver front end (Fig. 4) of WIRA-C contains a
temperature-stabilised heterodyne single side-band receiver.
The observed radio frequency (RF) of 142 GHz is collected
by the feed horn and then amplified by the low noise am-
plifier (LNA) by 20 dB (3.29 dB noise figure at 142 GHz
and 293 K). This LNA has been built by the Fraunhofer
IAF based on the 50 nm M-HEMT technology described by
Leuther et al. (2012). After subsequent selection of a single
side band, the sub-harmonic mixer is fed by a local oscillator
(LO) with 72.9 GHz, which gives an intermediate frequency
(IF) of 3.65 GHz. The microwave components of the front
end are all mounted on a rigid aluminium plate that is tem-
perature stabilised by thermo-electrical elements to maintain
a stable temperature at 295 K.
We use a Universal Software Radio Peripheral (USRP
X310 with CBX-120 daughterboard, see Ettus Research,
2018) as Fast Fourier Transform Spectrometer (FFTS). It has
a bandwidth of 200 MHz and a channel width of 12.2 kHz but
due to some constraints by filters in the USRP, only the cen-
tral 120 MHz of the full bandwidth can be used for our mea-
surements. As shown in Fig. 4, the USRP provides two chan-
nels with independent local oscillators and AD converters. In
the current setup, the primary channel (channel A) is centred
around the resonance frequency of the ozone thermal emis-
sion line at 142 GHz while the secondary channel is offset by
120 MHz to extend the spectrum towards the off-resonance
frequencies. The Fast Fourier Transformation (FFT) and ac-
cumulation algorithms are implemented using LabVIEW and
programmed on the FPGA chip aboard the USRP.
The system noise temperature of the single-sideband re-
ceiver system is 510 K at 142 GHz, as measured in the lab-
oratory by a hot–cold calibration using liquid nitrogen and
confirmed by the routine tipping curve calibration. This is
about 300 K lower than for the WIRA instrument, mainly due
to the better quality of the 20 dB low noise amplifier.
As wind measurements require a stable frequency refer-
ence, we use a GPS disciplined and oven-controlled quartz
oscillator to improve the long and short-term stability of the
local oscillators of the front end and the back end.
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Figure 4. Block diagram of the WIRA-C single side-band receiver with radiometer front end (a) and USRP spectrometer (b) with channels
A and B. The oven-controlled and GPS-disciplined crystal oscillator (OCXO) (c) provides the 10 MHz reference frequency for all local
oscillators (LO) in the front and back end.
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Figure 5. Allan variance of the receiver measured for a bandwidth
of 14.6 kHz compared to the radiometric noise formula. The mini-
mal Allan variance is reached after 4 min of integration.
The receiver gain typically drifts with time and periodi-
cal calibration is important to get consistent measurements.
The Allan variance computation scheme (Ossenkopf, 2007)
gives a timespan for which a receiver can be considered sta-
ble. Figure 5 shows the Allan variance for a 14 h measure-
ment with the WIRA-C receiver. The noise of the WIRA-C
receiver drops for an integration time up to 4 min for a single
channel with a bandwidth of 14.6 kHz, then starts to increase
again because of drifts. The duration of one measurement cy-
cle was thus chosen to be 2 min.
4 Data processing
The primary measurement cycle of WIRA-C alternates be-
tween the six targets, which are the hot load, zenith (used
as cold load), and the four 22◦ elevation observations (north,
south, east, west). For all six targets the linear stage is placed
in two different positions to make a difference in path length
of λ/4. The integration time for each position of the linear
stage is 10 s and the two measurements are averaged prior
to calibration to cancel standing waves. Notably, we use the
time during the relatively slow rotation around the azimuthal
axis for the zenith and hot-load measurements to save valu-
able integration time. The twelve measurements of one cycle
are then processed further, as described in the following sec-
tions.
4.1 Calibration
Compactness and low maintenance requirements were ma-
jor design goals of WIRA-C, ruling out liquid nitrogen or
a Peltier calibration target (Fernandez et al., 2015b) as cold
reference that is needed in addition to the hot reference for
radiometric calibration. This is why we opted for an am-
bient temperature hot load complemented with the tipping
curve method for the radiometric calibration. Essentially, this
method has been explained by Han and Westwater (2000)
and uses the sky as cold load by assuming a mean tro-
pospheric temperature and fitting the tropospheric opacity
to a set of observations at different elevation angles. We
use the measurements at 22◦ elevation and zenith, and es-
timate the mean tropospheric temperature Tm according to
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Ingold et al. (1998) from the ambient temperature Tamb as
T 22m = Tamb− 9.8 K and T
90
m = Tamb− 10 K, respectively.
The temperature of the hot load is measured by two tem-
perature sensors mounted on its aluminium backing and fol-
lows the internal temperature of the instrument which we sta-
bilise at about 10 K above the typical maximum ambient tem-
perature by regulating air flow and additional heaters.
In order to include as little wind information in the tipping
calibration process as possible, we average the northwards
and southwards measurement to provide the input for the 22◦
elevation measurement to the tipping curve algorithm. We
prefer that in favour of the eastwards and westwards mea-
surements, as zonal winds are expected to be stronger and
thus the slight broadening of the spectral line when averag-
ing the two measurements would be increased.
4.2 Tropospheric correction
The calibrated brightness temperature as seen on the ground,
Tb(z0), can be modelled as a sum of the tropospheric contri-
bution driven by the same mean temperature Tm used above
and a middle-atmospheric contribution Tb(ztrop) that would
be observed if the instrument was above the troposphere (In-
gold et al., 1998):
Tb(z0)= Tm (1− exp(−τ/sinη))
+ Tb
(
ztrop
)
exp(−τ/sinη), (2)
where τ is the zenith opacity of the troposphere and η is the
elevation angle of the observation. The opacity itself can be
estimated in different ways. We are applying the same tech-
nique as Fernandez et al. (2015a) and use the brightness tem-
perature at the wings of the measured spectra, as far away
from the ozone rotational transition resonance frequency as
possible. In practice we use an average over 10 MHz at the
left wing of the spectrum measured by the second spectrome-
ter channel (USRP channel B) depicted in Fig. 4. The Zenith
opacity is then given by
τ =−sin(η) ln
(
Tm− T
off-resonance
b
Tm− T bg
)
, (3)
where we set the background temperature T bg to 2.7 K. We
apply this estimation for all four cardinal directions indepen-
dently and thus account for direction-dependent tropospheric
conditions.
As described in Sect. 3.2, the second channel of the USRP
is offset by 120 MHz, giving us information up to 180 MHz
off-resonance. At this offset from the line centre the ozone
signal is still relatively strong and we see more than just
the microwave background T bg. However, for wind measure-
ments we are more interested in a normalisation of the spec-
tra of the four cardinal directions against each other to com-
pensate for the tropospheric inhomogeneities than in absolute
brightness temperature calibration.
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Figure 6. Opacity τ at the off-resonance observation frequency
obtained from tipping calibration for three days in June (a) and
September (b) at the Maïdo observatory. The gray areas mark night-
time, with sunrise and sunset at 02:00 and 14:00 UTC, respectively.
This gives us an estimate on τ for each observation direc-
tion and we can estimate the non-tropospheric contribution
through
Tb
(
ztrop
)
=
Tb(z0)− Tm (1− exp(−τ/sinη))
exp(−τ/sinη)
. (4)
As Eq. (4) is not linear in τ , it does not hold exactly for
average values of τ and Tb for long integration times or
highly variable tropospheric conditions. We encounter such
conditions, for example, on the Maïdo observatory on Réu-
nion (21.4◦ S, 55.9◦ E). There, during nighttime, the condi-
tions are optimal for radiometric observations because the
observatory is located at 2200 m above sea level and near
the free troposphere during the night (Baray et al., 2013).
However, during daytime, when microclimatic effects and
convection are dominant, the opacity is highly variable as
shown in Fig. 6. At the same time the signal-to-noise ratio for
wind measurements is quite low and long integration times of
several hours are required. The high variability of the opac-
ity and the long integration times are the reasons why we
apply the tropospheric correction directly to the calibrated
spectra before integration and use the 12 h integration of the
corrected brightness temperatures Tb(ztrop) for the wind re-
trievals. This integration time showed to be suited for the
objective of instrument validation, but for other studies one
might also consider shorter or longer integration times.
Figure 7 shows an example of a measured spectrum from
one calibration cycle before and after tropospheric correc-
tion. Without tropospheric correction, the measurements in
eastward and westward direction differ by 20 K because of
tropospheric inhomogeneities. If we apply the tropospheric
correction as described above using the left wing as refer-
ence, the spectra are on the same level and have the same
magnitude. While we use the measurement form channel A
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Figure 7. Measured spectrum of the ozone line from a single cal-
ibration cycle on 25 June 2017 at 09 h (UTC). Panel (a) shows
the eastward and westward measurement after calibration, panel (b)
shows the same measurement but with tropospheric correction ap-
plied. Channel A of the USRP has 12.2 kHz resolution and is cen-
tred around the line centre while channel B has 97.7 kHz resolution
and observes the line wing.
for the retrieval of wind speeds, channel B is used solely for
the tropospheric correction.
4.3 Retrieval of wind profiles
We retrieve wind information from the measured spectra by
inverting a radiative transfer model that describes the rela-
tion between the atmospheric state vector x and the mea-
surement vector y as x = F(y). The inversion thereof is typ-
ically ill-posed because many (unphysical) configurations of
the atmosphere lead to the same measured brightness tem-
perature. The optimal estimation method uses an a priori
value with associated uncertainties for the atmospheric con-
figuration to regularise the inverse problem as described by
Rodgers (2000).
The WIRA-C retrieval of zonal wind uses the brightness
temperature measured in eastern and western direction and
combines these measurements to retrieve a single wind pro-
file. The retrieval of the meridional wind is set up analo-
gously. This is in contrast to the wind retrieval procedures
used for WIRA, where wind profiles have been estimated for
east and west separately and are then averaged to get a single
zonal wind profile (Rüfenacht et al., 2014). By combining
both observations in one inversion, we can effectively max-
imise the a posteriori likelihood of the wind profile given our
two measurements in opposite directions. This is especially
important in the presence of frequency shifts or drifts that are
not related to wind. Such shifts are of a systematic or ran-
dom nature and can originate from instrumental instabilities
or offsets or even uncertainties in the molecular resonance
frequency.
Fitting one atmosphere to two measurements drastically
increases the overdetermination of the retrieval as the number
of measurements is increased. This is explicitly wanted for
wind and frequency shift where we need to combine all our
measurements, but not ideal for ozone abundance that is also
being retrieved to fit the observed line. Fitting one common
ozone profile to the eastward and westward direction con-
strains the retrieval too much resulting in non-convergence or
oscillations of the ozone profiles. This might be due to actual
spatial variations in ozone abundances, which we consider to
be unlikely as they are not expected to be that big in tropical
latitudes. More probably, tropospheric inhomogeneities or
clouds affecting the eastward and westward observations dif-
ferently could have an influence on the ozone profile. How-
ever, this is not expected to have an influence on the re-
trieved wind speed, as the Jacobian of the forward model is
completely antisymmetric with regard to wind as elaborated
in Rüfenacht et al. (2014). This is why we model a three-
dimensional atmosphere and include independent ozone pro-
files, and thus more freedom in our retrieval for the opposing
observations.
In case of WIRA-C, the state vector x and the measure-
ment vector y have the following form for the zonal wind
retrieval (and analogous for the meridional wind retrieval):
x =
[
u xO3, 1 . . . xO3,M 1f b
]ᵀ
, (5)
y =
[
T b, east T b,west
]ᵀ
, (6)
where the elements of x are itself vectors. For ex-
ample the zonal wind speed profile is given by u=[
u(p1) u(p2) . . . u(pN )
]
forN pressure levels. Besides
the zonal wind profile u, the x vector also contains the pro-
files of volume mixing ratio of ozone xO3 atM different spa-
cial grid points as well as the frequency shift parameter 1f
and one or more baseline parameters b. Finally, the temper-
atures T b, east and T b,west are the calibrated and corrected
brightness temperatures from Eq. (4).
The optimal estimation method then minimizes the cost
function
χ2 =
(
x̂− xa
)ᵀS−1a
(
x̂− xa
)
+
(
y−F
(
x̂
))ᵀS−1ε
(
y−F
(
x̂
))
, (7)
for finding the most probable atmospheric state x̂ given the a
priori profile xa and the measurement y. It does so using the
assigned statistics in form of the covariance matrices Sa and
Sε for the a priori data and the measurement, respectively.
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They are constructed as block diagonal matrices, analo-
gous to the x and y vectors in Eqs. (5) and (6):
Sa =


Sa, u
S1, 1a, XO3 . . . S
1,M
a,XO3
...
. . .
...
SM, 1a, XO3 . . . S
M,M
a,XO3
Sa,1f
Sa, b


, (8)
Sε =
[
STb, east
STb,west
]
= σy I, (9)
where the off-diagonal elements Si,ja, XO3 (i 6= j) describe
the covariance of the spatially distributed ozone profiles.
Details about the setup of covariance matrices for multi-
dimensional retrievals are described by Christensen (2015).
The value σy on the diagonal of Sε is directly determined
as the Allan-deviation of the measurement vector y by σ 2y =
1
2 〈
(
yn+1− yn
)2
〉.
Following Rodgers (2000) and using a linearised form of
the forward model with Jacobian K, the solution that mini-
mizes Eq. (7) in a linear case is
x̂ = xa+G(y−Kxa) , (10)
where G is the gain-matrix and describes the sensitivity of
the retrieved profile to changes in the spectra:
G=
∂x̂
∂y
=
(
KT S−1ε K+S
−1
a
)−1
KT S−1ε . (11)
As the frequency shift introduced by wind has a non-linear
impact on the brightness temperature, the final solution x̂ is
found by a Levenberg–Marquardt algorithm and Eq. (10) is
applied iteratively while updating the point of linearisation
for K but leaving xa fixed.
Assuming that Sε characterises the radiometric noise on
the spectra, the uncertainty of the retrieved profiles due to
thermal noise, the so called observational error σo, is defined
as
σ 2o = diag
(
GSεGT
)
. (12)
We assume that the major contribution to the uncertainty
on the retrieved profiles is due to radiometric noise and thus
use the observational error σo as a measure for the uncer-
tainty in this study. It is important to note, that the observa-
tional error is influenced by the a priori statistics via Eq. (11)
and the observational error grows with increasing a priori co-
variance because then the measurement and its noise have a
bigger impact on the retrieved quantity. We accept this as
an inherent property of the optimal estimation method: for
a given thermal noise on the spectrum, the uncertainty of
the retrieved value is smaller if there is less ambiguity in the
a priori state.
Another measure for quality of our retrieved state x̂ is the
averaging kernel matrix given by
A=
∂x̂
∂x
=GK. (13)
Each row of the matrix A is called an averaging kernel and
describes the smoothing of information. We use the averag-
ing kernels for quality control as described in Sect. 4.5.
The forward model and OEM implementation is provided
by ARTS/QPACK2 (version 2.3) (Eriksson et al., 2011). In
the current setup for WIRA-C wind retrievals we use 6 ozone
profiles equally spaced around the instrument location inside
the east–west observation plane for zonal wind. We choose
M = 6 as this showed to give superior retrieval results in
terms of measurement response and altitude resolution than
lower values. This is a detail related to the grid interpolations
done by ARTS/QPACK2 and the construction of the covari-
ance matrix for ozone. The covariance matrices for ozone are
set up using separable statistics with a horizontal correlation
length of 200 km, which we assume to be height independent.
4.4 A priori data and model parameters
For the a priori data for wind, we always use a 0 m s−1 pro-
file. This equalises the probability to retrieve easterly and
westerly winds, which is desirable in case of sudden wind
reversals like they are observed around equinox and in con-
text of sudden atmospheric events. To put it in other words,
even though wind speeds in the atmosphere are generally not
normally distributed we assume that the wind in the atmo-
sphere is (0± su)m s−1 and we use climatological statistics
from 6 years of ECMWF data at the campaign location to
estimate su which then depends on altitude but not on time.
The same applies for meridional wind, and sv turns out to
be smaller than su because meridional winds are typically
slower than zonal winds. We multiply these statistics by a
factor of 2 in order not to have a bias towards zero, as elab-
orated by Rüfenacht et al. (2014) and additionally we im-
pose a vertical correlation length of 0.5 pressure decades to
construct the covariance matrix. Like this, our retrieved wind
speeds are regularised but in no case biased towards either
direction by the a priori wind profile.
For the ozone a priori data, we rely on a F 2000 WACCM
scenario from a simulation by Schanz et al. (2014). This al-
lows us to extend the retrieval grid up to 110 km altitude and
thus includes the nighttime secondary ozone maximum at
10−3 Pa. We determine the a priori profile and variance in
a window of 11 days around the day-of-year of our measure-
ment while only regarding the same hours of the day that we
integrated over (either day or nighttime). Extending the re-
trieval grid and separating day and nighttime retrievals is im-
portant because signals from the secondary ozone maximum
can have an influence on wind retrievals below 75 km if not
properly handled as elaborated by Rüfenacht and Kämpfer
(2017).
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We multiply the variance of ozone by a factor of 4 for
the same reasons as above and impose a vertical correlation
length of 0.3 pressure decades to get the covariance matrix.
As explained in Sect. 4.3, the horizontal covariance of ozone
is assumed to be height independent with a horizontal corre-
lation length of 200 km. The ozone a priori profile and covari-
ance matrix thus depend on altitude and time (day or night
and time of year).
The forward model also needs additional information
about the atmosphere, namely it includes the tempera-
ture profile (from MLS and ECMWF complemented with
WACCM) and volume mixing ratio profiles for the less crit-
ical species N2 and O2 (from standard atmospheres) that are
known well enough and thus will not need to be optimised.
4.5 Quality control and uncertainty
A big advantage of the optimal estimation method over other
regularisation methods is the availability of error estimations
and quality control information.
As expressed by Eq. (13), the averaging kernel matrix
(AVKM) describes the sensitivity of our estimated atmo-
spheric state x̂ for the true state x. We derive three quantities
from the averaging kernel matrix: firstly, the measurement
response that is the sum of the rows of the AVKM and de-
scribes the sensitivity of our retrieved state to the true state
as can readily be seen in Eq. (13). Ideally it is exactly 1,
meaning that a change in the true atmospheric state is exactly
represented in the retrieved state. Secondly, the full width
at half maximum of the averaging kernels gives information
about the spatial smoothing of the data. Ideally these kernels
would be delta peaks (which would make the AVKM diag-
onal). Finally, we examine the difference between the peak
of the averaging kernels to their respective nominal height.
In the ideal case (diagonal AVKM), the offset would be zero,
meaning that all information is mapped to the correct grid
points. We use the information in the AVKM for quality con-
trol of the wind retrieval: the measurement response must be
between 0.8 and 1.2 and the offset of the peak to the nominal
height of the kernel must not exceed 5 km. If these criteria are
fulfilled for an extended altitude range, the retrieved values
are valid. Further, the full width at half maximum (FWHM)
of the individual kernels gives information about the altitude
resolution.
Figure 8 shows the averaging kernels and the derived qual-
ity control parameters for one measurement. The retrieved
values are considered to be valid between 38 and 75 km al-
titude. The measurement response would be acceptable on
higher altitudes but the upper points are rejected by the off-
set parameter. We see the offset parameter jumping from −7
to 10 km at approximately 80 km altitude. This is because
Doppler broadening starts to dominate the pressure broaden-
ing above approximately 75 km altitude and signals can not
be attributed to the exact height they originate from. This
means that they are attributed to lower or higher altitudes
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Figure 8. Visualisation of the averaging kernel matrix (AVKM) for
the nighttime measurement of 26 June 2017. The individual aver-
aging kernels (rows of the AVKM) for each altitude (a) are char-
acterized by the measurement response (MR), their full width at
half maximum (FWHM) and the difference of their maximum to
the nominal height (Offset). The valid ranges for all parameters are
marked by the green areas. Valid components that fulfill all criteria
are shown in colours and others in gray (or dashed lines and hollow
markers, respectively).
depending on the ozone a priori profile. Even though the
measurement response stays within the bounds of validity in
these altitudes, offset criteria reject these points reliably.
The FWHM in Fig. 8 indicates an altitude resolution be-
tween 9 and 11 km for the whole altitude range. This is an
improvement in comparison to the WIRA retrieval, where
the altitude resolution for zonal wind is about 10 to 16 km
(Rüfenacht et al., 2014). We attribute this improvement to the
lower noise of the instrument and the simultaneous inversion
of the two measurements, which gives more independent in-
formation than the inversion of one spectrum after the other.
Further, Fig. 9 shows the residuals for the same retrieval
shown in Fig. 8. The residuals look random, indicating that
we properly model our observations.
Figure 10 shows the observation error σo for four different
measurements together with the FWHM and the measure-
ment response. We see that the observation error for zonal
wind retrievals is approximately 15 m s−1, up to 64 km al-
titude for the nighttime measurement with the chosen inte-
gration time of 12 h. Below 55 km, the errors of the day and
nighttime measurement are nearly identical, but above 60 km
the error for the day time measurements increase rapidly. As
tropospheric opacity has a big impact on the signal-to-noise
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Figure 9. Corrected and integrated (12 h) brightness temperature
spectra as used for the retrieval of 26 June 2017 nighttime for
eastwards and westwards direction (a) together with the residuals
(observed minus computed, b). Smoothed residuals (by binning 50
channels) are shown in black.
ratio of the spectra, the bigger uncertainty for the daytime
measurements can be explained by the higher opacity during
daytime as is shown in Fig. 6. Also the ozone concentration is
lower during daytime as studied for example by Studer et al.
(2014), resulting in less emitters and lower signal-to-noise
ratio during daytime compared to nighttime. The observa-
tion error is smaller for the meridional wind than it is for the
zonal wind. As elaborated in Sect. 4.3, this is because the ob-
servation error is not independent of the a priori statistics and
the covariance for meridional wind is smaller than for zonal
wind.
The full width at half maximum, that is also shown in
Fig. 10, describes the altitude resolution. For zonal wind, the
altitude resolution is approximately 10 km up to 68 km. For
meridional wind, the resolution is between 10 and 15 km,
which is a direct consequence of the more restrictive a pri-
ori profile for meridional wind. While the measurement re-
sponse is even between 0.9 and 1.1 (as opposed to the qual-
ity requirement of 0.8 to 1.2) for nearly the entire altitude
domain for zonal wind indicating that our retrieval is highly
sensitive to changes in the atmospheric wind speed and
largely independent of the a priori profile. The measurement
response for the meridional wind is somewhat more variable,
which is related to the constriction by the a priori profile, be-
cause a smaller a priori covariance also implies less weight
on the measurement and thus lower sensitivity. Nevertheless,
the quality requirement is fulfilled between 38 and 65 km.
4.6 Estimation of systematic errors
In the above section, we discussed the random errors caused
by thermal noise on the spectrum as determined by the opti-
mal estimation method. Additionally we perform a Monte
Carlo error estimation to further characterise uncertainties
not related to noise. These uncertainties are of systematic na-
ture, as they are inherent to the retrieval setup and choice
of a priori profiles and covariance matrices. Table 2 gives a
list of the variables we considered in this analysis together
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Figure 10. Characterisation of the retrieval quality for zonal and
meridional wind for the day and nighttime period of 2 days. The
observation error represents the measurement uncertainty. The full
width at half maximum (FWHM) of the averaging kernels describes
the altitude resolution, which is approximately 10 km, up to 68 km
altitude. The measurement response is a measure for the sensitivity
of our retrieved wind speeds to changes in actual wind speeds. In
the perfect case it would be 1.0 but values between 0.8 and 1.2 are
acceptable.
with their expected distribution. The Monte Carlo estimation
involves sampling from these distributions and retrieving a
wind profile for every sample. The estimated systematic error
is then derived from the standard deviation of the retrieved
wind speeds.
All the profiles (temperature, a priori and covariances) are
expected to follow a Gaussian distribution as they are derived
from statistics as described in Sect. 4.4. We perturb the pro-
files on all altitudes simultaneously using the value sampled
from the respective distribution. The elevation is expected to
have a systematic error of maximum±0.2◦, as this is the esti-
mated precision we reach when levelling the instrument. The
calibration subject in Table 2 accounts for the uncertainty
in the calibration and tropospheric correction. This uncer-
tainty has a random and a systematic component. We only
Atmos. Meas. Tech., 11, 5007–5024, 2018 www.atmos-meas-tech.net/11/5007/2018/
J. Hagen et al.: WIRA-C: Wind Radiometer for Campaigns 5017
Table 2. Considered uncertainties for the Monte Carlo error analysis together with the estimated error. The resulting error is given as the
maximum error in three altitude domains: lower, from 5 to 1 hPa (36 to 48 km), middle, from 1 to 0.2 hPa (48 to 59 km) and upper, from 0.2
to 0.02 hPa (59 to 75 km).
Estimated 1σ error, m s−1
Subject Distribution Type Parameters Lower Middle Upper
Temperature profile Gaussian absolute 2σ = 10 K 0.86 0.94 0.57
Ozone a priori profile Gaussian absolute 2σ = 0.4 ppm 0.91 1.2 3.2
Ozone covariance Gaussian relative 2σ = 50 % 2.4 4.6 10
Wind covariance Gaussian relative 2σ = 50 % 2.5 3.0 4.3
Elevation uniform absolute ±0.2◦ 3.4 1.5 2.0
Calibration uniform relative [1, 1.3] 2.4 3.0 6.5
Total systematic 5.6 6.6 13
Retrieval noise 15 17 26
2σ = 50 % means σ = 14µ for a Gaussian distribution with mean µ.
consider the systematic part that comes from the fact that our
off-resonance frequencies used to determine the tropospheric
opacity is still somewhat closer to the line centre than would
be desirable (see Sect. 4.2). In our Monte Carlo estimation
we simulate this error by introducing a factor in the range
[1,1.3] to the y prior to the retrieval, which corresponds to
an assumed uncertainty of 10 % of the tropospheric opacity.
Further, we neglect all correlations between systematic errors
and among systematic and random errors.
We performed the Monte Carlo estimation for four differ-
ent cases (same as shown in Fig. 10). The results for the setup
of one retrieval (26 June 2017, nighttime) is shown in Table 2
for three different altitude domains. The biggest systematic
error is evident in higher altitude domains and comes from
the ozone a priori profile. The influence of the ozone a pri-
ori profile has been thoroughly examined by Rüfenacht and
Kämpfer (2017), concluding that a careful choice of ozone
a priori and covariance data is important for the retrieval of
wind speeds in higher altitudes. The total systematic error is
approximately half the retrieval error in the worst case and
by just looking at the retrieval noise, we thus underestimate
the total error by approximately 10 %.
5 Validation
5.1 The Maïdo campaign
From August 2016 until February 2018, the WIRA-C in-
strument has been operated at the Maïdo observatory on
Réunion(21.4◦ S, 55.9◦ E) at 2200 m above sea level. After
having been operational for a few days in August 2016, a
very uncommon failure of the synthesiser–multiplier chain
occurred and the campaign could continue only in mid-
November. Since then, WIRA-C measured continuously, ex-
cept for a period of tropical cyclone alert and some power
outages. The few measurements in August 2016 are very
valuable because they coincide with three lidar measure-
ments.
For all retrievals presented in this section, we used an inte-
gration time of 12 h, from 02:00 to 14:00 UT which is 06:00
and 18:00 local time (LT) and roughly corresponds the times
of sunrise and sunset in the tropics. We set up the a priori
profiles and covariances as described in Sect. 4.4 and most
notably use an a priori of 0 m s−1 for all pressure levels for
zonal and meridional wind. Quality control for the retrieved
data is done as described in Sect. 4.5.
5.2 Comparison data
5.2.1 ECMWF model data
The ECMWF operational analysis provides atmospheric data
on 137 layers up to 80 km altitude. However, the main fo-
cus lies on delivering data on the atmospheric layers below
35 km for weather forecasts. Especially above 68 km the data
quality is supposed to decrease because the uppermost layers
do not assimilate measurements but are artificially forced to
model stability.
The ECMWF operational analysis has a higher time and
altitude grid resolution than the WIRA-C retrieval. The time
resolution is 6 h, whereas WIRA-C has a time resolution of
12 h. Thus, to check the two datasets for consistency we al-
ways average the two ECMWF time steps which are within
the respective integration period of WIRA-C.
To adapt the vertical resolution of the model to our re-
trieval, we convolve the model data with the averaging ker-
nels of the retrieval.
Integrated forecast system cycles Cy41r2, Cy43r1 and
Cy43r3 have been used for this study.
www.atmos-meas-tech.net/11/5007/2018/ Atmos. Meas. Tech., 11, 5007–5024, 2018
5018 J. Hagen et al.: WIRA-C: Wind Radiometer for Campaigns
10 1
100
Pr
es
su
re
 [h
Pa
]
(a) WIRA-C
201
6-1
2-0
1
201
7-0
1-0
1
201
7-0
2-0
1
201
7-0
3-0
1
201
7-0
4-0
1
201
7-0
5-0
1
201
7-0
6-0
1
201
7-0
7-0
1
201
7-0
8-0
1
201
7-0
9-0
1
201
7-1
0-0
1
201
7-1
1-0
1
201
7-1
2-0
1
201
8-0
1-0
1
10 1
100
Pr
es
su
re
 [h
Pa
]
(b) ECMWF convolved
120
100
80
60
40
20
0
20
40
60
80
100
120
Zo
na
l w
in
d 
[m
 s
   
]
40
50
60
70
Ap
pr
ox
. a
lti
tu
de
 [k
m
]
40
50
60
70
Ap
pr
ox
. a
lti
tu
de
 [k
m
]
-1
Figure 11. Time series of zonal wind speeds measured by WIRA-
C (a) and ECMWF analysis data (b) between 14 November 2016
and 31 December 2018 for the altitude range of 35 to 75 km with a
time resolution of 12 h (day and nighttime). The ECMWF data has
been convolved with the averaging kernels of the retrieval in order
to get the same spatial and temporal resolution for both datasets. In-
valid data points are grayed out, resulting in different altitude ranges
for different days. The few data gaps are due to a tropical cyclone
and power outages.
5.2.2 The Rayleigh–Mie Doppler wind lidar
The Rayleigh–Mie Doppler wind lidar is an active sounder,
measuring the Doppler shift of backscattered visible light us-
ing Fabry–Perot interferometry and can provide wind profiles
from 5 up to approximately 60 km. Up to 30 km, the vertical
resolution is 100 m and the accuracy is better than 1 m s−1 for
1 h integration time. Because of decreasing density of molec-
ular backscatters and the inverse-square law of light, the un-
certainties of the lidar measurements increase with altitude
and finally limit the altitude domain to approximately 60 km
depending on integration time. Between 30 and 60 km, the
vertical resolution varies between 0.5 to 3 km and the mea-
surement error is 10 m s−1 at 50 km altitude for an integra-
tion time of 3 h. The instrument and the retrieval scheme is
described in Khaykin et al. (2016) and references therein.
The lidar only measures at nighttime and has a variable
integration time that depends on meteorological conditions
(clear sky) and available man power. As the integration time
often is below 4 h, we cannot run a retrieval for the mi-
crowave radiometer for exactly the same integration time
because of the noise. We currently have no opportunity to
adapt our measurement to the short integration times of the
lidar and thus we just compare the nighttime measurement of
WIRA-C and the lidar while noting the respective integration
times. For the vertical resolution we convolve the lidar data
with the averaging kernels of the retrieval to have comparable
altitude resolution of the profiles.
The lidar measures at an elevation angle of 45◦ as opposed
to the 22◦ of WIRA-C. However, the difference between
100
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Figure 12. Zonal WIRA-C wind measurements on 10 distinct pres-
sure levels between 35 km (a) to 71 km (j). The fully convolved
ECMWF model data as well as the ECMWF data from the nearest
pressure level (but still smoothed in time) is given for comparison.
Often the raw and convolved ECMWF curves coincide. Time reso-
lution is 12 h (day and nighttime). The light-blue area represents the
uncertainty σo of the WIRA-C data.
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Figure 13. Same as Fig. 11 but for meridional wind. Time series
of meridional wind speeds measured by WIRA-C (a) and ECMWF
analysis data (b) between 14 November 2016 and 1 January 2018
for the altitude range of 35 to 75 km with a time resolution of 12 h
(day and nighttime). The ECMWF data has been convolved with the
averaging kernels of the retrieval in order to get the same spatial and
temporal resolution for both datasets. Invalid data points are grayed
out, resulting in different altitude ranges for different days. The few
data gaps are due to a tropical cyclone and power outages.
the two lines-of-sight is not relevant, as WIRA-C retrieves
a wind profile that best fits both observations in opposing
directions. As the retrieval is not linear, this does not neces-
sarily deliver the mean profile but an approximation thereof.
For our retrieval and comparisons, we thus assume that the
variation of horizontal wind speeds are negligible for 12 h in-
tegration time and horizontal distances from 150 km at 30 km
altitude up to 370 km at 75 km altitude.
5.3 Results
Figures 11 and 13 show an overview over the zonal and
meridional measurements from the Maïdo campaign, to-
gether with the corresponding ECMWF data, convolved in
space and time. A more detailed view is given in Figs. 12
and 14 for zonal and meridional wind, respectively. There,
besides the convolved ECMWF data, the model data of the
nearest level is also given for comparison. At the lowest and
highest levels, the difference between the fully convolved and
the original ECMWF data is quite obvious. This difference
is an indicator for the smoothing error, and is a consequence
of the slightly worse altitude resolution and accuracy at the
lowest and uppermost levels compared to the central levels
where the difference nearly vanishes.
In general, the zonal and meridional wind for WIRA-C
and ECMWF are consistent: firstly, the zonal wind reversal
around equinox is resolved by the model as well as WIRA-C
and they agree on the time of this event as well as on the
magnitude. Secondly, the well-defined periods of stronger
westward winds between 35 and 55 km in June are present
in both datasets. Further, the increased variability with a pe-
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Figure 14. Same as Fig. 12 but for meridional wind. WIRA-C
measurements on 10 distinct pressure levels between 35 km (a) to
71 km (f) for 1 June 2017 to 19 September 2017. The data before
June 2017 and after September 2017 (shown in Fig. 11) is not rep-
resented here in order to focus on the period with more variability.
The fully convolved ECMWF model data as well as the ECMWF
data from the nearest pressure level (but still smoothed in time) is
given for comparison. Time resolution is 12 h (day and nighttime).
The light-blue area represents the uncertainty σo of the WIRA-C
data.
riod of approximately 10 days present at the layers between
50 and 60 km in August and September 2017 are also present
in both datasets.
There are also short periods where we can see a clear dis-
crepancy between the model data and the measurement. For
example at the layers below 45 km for the end of January
and beginning of February 2017, where WIRA-C measured a
smaller magnitude of zonal wind than predicted by the model
for several days. This might be connected to the tropical cy-
clone in the Indian ocean that was the reason for the sub-
sequent interruption of the measurement, as the instrument
had to be dismounted and protected inside the building. At
the uppermost levels, ECMWF has the tendency to predict
a higher magnitude in zonal wind speed and to some extent
also in meridional wind speed than WIRA-C. Most promi-
nently at the end of April 2017, the model predicts a much
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Figure 15. Seven coincident observations of zonal wind from WIRA-C and Doppler lidar from August 2016 and June 2017 together with
radio soundings and ECMWF operational model data at different times, WIRA-C measurements start at 14:00 UT (18:00 LT) and lidar
measurements typically between 17:00 and 20:00 UT (21:00 and 24:00 LT). The measurement time for WIRA-C is 12 h for every profile
while the measurement time for the lidar observation (given in parenthesis) is typically between 3 and 3.5 h, with the exception of 21 and
22 June 2017, where measurement took 8.8 and 9.7 h, respectively. Source of radiosonde data: Météo-France.
higher magnitude in zonal wind but a lower variability. This
might be an effect of the artificial forcing in the model at the
uppermost layers. At the same time, our observation error in-
creases with altitude and we cannot completely rule out, that
the variability is caused by retrieval noise.
Figures 15 and 16 show all seven coincident measurements
of WIRA-C and the Rayleigh–Mie Doppler wind lidar avail-
able to date for the zonal and meridional wind component,
respectively. The lidar profiles have been acquired in Au-
gust 2016 during routine measurements and in June 2017
during the LIDEOLE-III campaign. In addition, the corre-
sponding ECMWF model data is shown at the four clos-
est time steps of the model. In case of zonal wind, these
ECMWF profiles are nearly identical but for the meridional
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Figure 16. Seven coincident observations of meridional wind from WIRA-C and Doppler lidar from August 2016 and June 2017 together
with radio soundings and ECMWF operational model data at different times, WIRA-C measurements start at 14:00 UT (18:00 LT) and lidar
measurements typically between 17:00 and 20:00 UT (21:00 and 24:00 LT). The measurement time for WIRA-C is 12 h for every profile
while the measurement time for the lidar observation (given in parenthesis) is typically between 1 and 4 h, with the exception of 21 and
22 June 2017, where measurement took 8.8 and 9.9 h, respectively. Source of radiosonde data: Météo-France.
wind, they indicate a high temporal variability in the model
data. At the lowermost levels, the radiosonde launched at the
nearby Gillot airport at noon is given for comparison where
available.
For both horizontal wind components, the profiles of the
three sources (WIRA-C, lidar, ECMWF) are consistent. Es-
pecially for the lidar measurements on 21 and 22 June 2017,
where the whole night was used for lidar acquisition, the
agreement of the two independent measurements is well
within their respective uncertainties. We would like to em-
phasise that favourable conditions for lidar measurements,
namely clear sky and nighttime, also imply lower uncertain-
ties for the WIRA-C measurements. Remarkably, the zonal
wind measurements from 22 June 2017 of WIRA-C and the
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lidar are nearly identical, while the ECMWF model is offset
by 20 m s−1 at 55 km altitude.
For the meridional wind, the lidar shows some patterns
with very large vertical gradients in the wind speeds as on
18 August 2016 and 21, 22 and 26 June 2017 at an altitude
around 40, 55, 48 and 47 km, respectively. These patterns are
not present in the other datasets and are probably caused by
internal gravity waves. For characteristics and details about
such structures observed by lidar, see Khaykin et al. (2015).
It is conceivable that the vertical structures observed by the
lidar are simply not resolved by the ECMWF model and
smoothed out by the radiometer. For example, for the mea-
surement of the meridional wind on 21 and 22 June 2017,
we can see that the convolved lidar profile and the WIRA-C
measurement agree quite well while the high resolution pro-
file of the lidar shows a layer of wind speeds with higher
magnitude at 50 km altitude. This indicates that WIRA-C in-
deed smoothes out the feature, but that the two measurements
are consistent.
6 Conclusions
WIRA-C is a new passive microwave wind radiometer de-
signed for campaigns as well as long-term measurements.
With it, the successful prototype WIRA has been replicated
and improved. The optical system and the pre-amplified sin-
gle side band heterodyne receiver and the spectrometer are
embedded in a single housing with compact dimensions. Cal-
ibration is performed with the tipping curve scheme and
tropospheric correction accounts for tropospheric inhomo-
geneities and normalises the spectra acquired in the four car-
dinal directions.
We applied an optimal estimation retrieval to combine ob-
servations in opposing directions to get a single wind profile
that best represents all our measurements. The main benefit
of our retrieval scheme is the availability of quality control
parameters representing the whole inversion process and the
increased altitude resolution of 9 to 11 km (as opposed to 10
to 16 km for WIRA). The observation error gives an estimate
on the uncertainty in wind speeds caused by the thermal noise
on our measurements. Its 1σ value for zonal wind is typically
around 15 m s−1 up to 68 km or 60 km for nighttime and day-
time measurements, respectively. The error on the meridional
wind is approximately 9 m s−1 due to the smaller covariance
of the a priori profile that represents the expected magnitude
of the wind speeds. To complement the estimation of the ran-
dom error we performed Monte Carlo estimations of possible
systematic error sources. These estimations show that the ex-
pected systematic errors are lower than the random errors.
The validation campaign on the Maïdo observatory on
Réunion proved that WIRA-C can provide continuous mea-
surements of horizontal wind speeds in the altitude range of
35 to 70 km. We presented a 1-year dataset of measurements
with a time resolution of 12 h and an altitude resolution of ap-
proximately 10 km for zonal and 15 km for meridional wind.
Even though we retrieve ozone profiles as well, we consider
them as a by-product that is only needed to fully fit the spec-
trum and discussion of them is not in the scope of this paper.
The measurements are consistent with the ECMWF oper-
ational analysis and also show very good agreement with the
available lidar measurements from the co-located Rayleigh–
Mie Doppler wind lidar. The main challenge for the compar-
isons is to properly account for the different integration times
and spatial resolutions, especially for the lidar measurements
with short acquisition times. The finer structures in the wind
profiles as seen by the lidar are not resolved by WIRA-C, but
the convolved profiles indicate a high consistency of the mea-
surements. For the lidar measurements where integration has
been performed during the whole night, the two independent
measurements agree within their respective errors in the en-
tire altitude range of overlap (37 to 50 km). More coincident
lidar measurements would certainly be valuable for further
validation.
In total we conclude that WIRA-C provides valuable con-
tinuous measurements of horizontal wind speeds covering
the gap region between 35 and 70 km. These measurements
are complementary to the better resolved lidar measure-
ments, as they are continuous over more than one year and
cover day and nighttime.
The next steps in passive microwave wind radiometry will
go towards optimising the retrieval process and explore the
lower limits of time resolution. This could include a time
series retrieval as performed by Christensen and Eriksson
(2013) for a water vapour instrument. Also, the possibility
of wind retrievals above the Doppler broadening range could
be further explored as a first comparison between WIRA and
meteor radar measurements (Rüfenacht et al., 2018, Fig. A1)
was very promising.
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6 Publication: Measurements of
atmospheric tides
Summary
Atmospheric oscillations driven by the diurnal cycle of inslolation are called atmospheric
solar tides. They are an important mechanism for the vertical coupling in the atmosphere.
The variability of tides in the atmosphere and the phase relation between tides in the
temperature and wind field are a topic of active research. Nevertheless, no continuous
measurements of middle atmospheric tides in the wind field have been available, even tough
such measurements would be highly beneficial for constraining models and retrieving data
from satellites with a (quasi-) sun-synchronous orbit. Such measurements are difficult to
achieve, and with an integration time of 12 to 24 hours, ground-based microwave wind
radiometers have not been capable to resolve diurnal tides in the wind field. With this
article, we present composite retrievals as a method to retrieve the amplitude and phase
of the diurnal tide from WIRA-C measurements.
We present measurements from two campaigns (at the Maïdo observatory, 21 °S and at the
ALOMAR observatory, 69 °N) and extract the amplitude and phase of the diurnal tide for
a tri-monthly mean as well as for 7 to 13 day composites. We compare our measurements
to the MERRA2 reanalyses data set and check the well-known properties of the diurnal
tide. While we find a very good agreement between measurements and models for the
tri-monthly mean, we see a much higher variability in our measurements compared to the
reanalysis. Indeed we find hints for highly variable diurnal tides in our measurements.
Further studies are needed to elaborate on the interesting topic of tidal variability and
the phase relation between tides in the temperature and wind field. Passive microwave
wind radiometry is a valuable technique to contribute to this future research, which would
likely include lidar, infrasound and rocket sounding techniques.
Publication
The following article has been published inAtmospheric Chemistry and Physics (ACP).
Citation: Jonas Hagen, Klemens Hocke, Gunter Stober, Simon Pfreundschuh, Axel
Murk, and Niklaus Kämpfer. “First Measurements of Tides in the Stratosphere and
Lower Mesosphere by Ground-Based Doppler Microwave Wind Radiometry”. In: Atmo-
spheric Chemistry and Physics 20.4 (Feb. 28, 2020), pp. 2367–2386. issn: 1680-7324. doi:
10.5194/acp-20-2367-2020
71

Atmos. Chem. Phys., 20, 2367–2386, 2020
https://doi.org/10.5194/acp-20-2367-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.
First measurements of tides in the stratosphere and lower
mesosphere by ground-based Doppler microwave
wind radiometry
Jonas Hagen1, Klemens Hocke1, Gunter Stober1, Simon Pfreundschuh2, Axel Murk1, and Niklaus Kämpfer1
1Institute of Applied Physics, University of Bern, Bern, Switzerland
2Department of Space, Earth and Environment, Chalmers University of Technology, Gothenburg, Sweden
Correspondence: Jonas Hagen (jonas.hagen@iap.unibe.ch)
Received: 25 September 2019 – Discussion started: 2 October 2019
Revised: 23 January 2020 – Accepted: 24 January 2020 – Published: 28 February 2020
Abstract. Atmospheric tides are important for vertical cou-
pling in the atmosphere, from the stratosphere down to the
troposphere and up to the thermosphere. They are planetary-
scale gravity waves with well-known periods that are inte-
ger fractions of a day and can be observed in the tempera-
ture or wind fields in the atmosphere. Most lidar techniques
and satellites measure atmospheric tides only in the temper-
ature field and continuous measurements of the tides in the
wind field of the stratosphere and lower mesosphere are rare,
even though, with modern lidars, they would be feasible. In
this study, we present measurements of the diurnal tide in
the wind field in the stratosphere and lower mesosphere by
ground-based microwave wind radiometry for two different
campaigns in tropical and polar regions. Further, we com-
pare our measurements to MERRA-2 reanalysis data. In the
tri-monthly mean, we find a good correspondence in the am-
plitude and phase of the diurnal tide between measurements
and reanalysis with the most important features of the di-
urnal tides represented in both data sets. When looking at
shorter timescales, we find significant differences in the data
sets. We make an attempt to examine these differences and
discriminate between atmospheric variability and noise, and
we present some hints for intermittent diurnal tides. We con-
clude that continuous ground-based observations of tides in
the middle atmospheric wind field are feasible, and they de-
liver consistent results for the mean amplitude and phase of
the diurnal tide in the tri-monthly mean. We further discuss
the limitations in regards to short timescale observations of
tides and the possibility to provide additional insight into
middle atmospheric dynamics that is complementary to tem-
perature observations and reanalysis data.
1 Introduction
Atmospheric tides are global-scale waves with well-known
periods that are integer fractions of a day. They are the re-
sult of the periodic solar forcing of the temperature and wind
fields and gravity as a restoring force. Just like other gravity
waves, tidal waves can propagate up- or downwards, be re-
flected, and they ultimately deposit energy in the atmosphere
when they break. This transport and deposition of energy can
cause secondary waves and other disturbances, resulting in
a vertical coupling between the horizontal layers of the at-
mosphere and leading to an exchange of energy and momen-
tum between the forcing regions and the dissipation altitudes.
Ultimately, tides in the stratosphere and mesosphere region
can affect weather phenomena like, for example, the diurnal
cycle of tropical rainfall (Woolnough et al., 2004; Sakazaki
et al., 2018).
Due to the global nature of atmospheric tides, they have
been studied over decades using models (Lindzen, 1971;
Forbes and Wu, 2006; Wang et al., 2016) or global ob-
servations from satellites (Oberheide et al., 2009; Häusler
et al., 2010; Pancheva and Mukhtarov, 2011). Considering
the observational results, Oberheide et al. (2011) introduced
a climatology-based model of atmospheric tides covering the
most relevant diurnal and semi-diurnal tidal modes at alti-
tudes between 80 and 400 km. While atmospheric tides are
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well understood and modelled (Hagan et al., 1999) on a
global and seasonal scale, very little is known about tides
on a local and sub-seasonal scale.
Tides in the temperature field have been extracted from
satellite observations (Sakazaki et al., 2012; Forbes and Wu,
2006; McLandress et al., 1996; Oberheide et al., 2009) and
have been compared to different reanalysis data sets by
Sakazaki et al. (2018) from the stratosphere to the lower
mesosphere. Satellites, however, often need several weeks to
sample a full diurnal cycle for a specific location due to their
orbit and therefore are not capable to resolve tidal variations
at short timescales. The global coverage nevertheless also en-
ables tidal studies on shorter timescales for instruments on
these satellites under the assumption of a linear tide model
(Ortland, 2017). Satellites with a sun-synchronous orbit, e.g.
Aura MLS, overpass each location exclusively at two local
times which are specific to the latitude of this location and
thus their ability to resolve tides is limited.
Ground-based measurements of tides in the temperature
field have been performed by day-light-capable lidars for the
stratosphere by Kopp et al. (2015) and Baumgarten and Sto-
ber (2019), as well as from meteor radar temperatures (Sto-
ber et al., 2008) in the mesosphere and lower thermosphere
(MLT) region. Meteor radar and medium-frequency (MF)
radar observations are also suitable to obtain tides in the wind
fields (Portnyagin et al., 1993, 2004; Merzlyakov et al., 2009;
Jacobi, 2012; Wilhelm et al., 2019). Current lidar instruments
are able to measure inertial gravity waves in the wind field
on short timescales (Baumgarten et al., 2015) and are thus in
theory also suited for the observation of atmospheric tides,
but the necessity of clear sky conditions reduces the avail-
ability of long-term observations drastically, and no observa-
tions of atmospheric tides are available to date.
Rogers et al. (2016) derived the local solar time variation
of wind at 95 km altitude by integrating a 5-year data set from
different ozone radiometers. Rocket soundings of the tides
in the wind and temperature fields have been performed by
Lindzen and Chapman (1969) up to the upper stratosphere,
but they have never been repeated again.
Note that no observations of tides in the wind field for
the stratosphere and lower mesosphere have so far been per-
formed.
This leaves reanalysis data with high temporal resolution,
like ERA5 and MERRA-2, as the only source for the wind
field in studies about atmospheric tides. These products typ-
ically depend on satellite measurements, and thus tides in
the upper atmospheric region are poorly constrained. Recent
findings by Sakazaki et al. (2018) suggest that for the tem-
perature field, differences between the different reanalyses
and measurements are systematic in amplitude (approx. 1 K
or 50 % above 40 km for northern mid-latitudes, more in the
tropics), and the spread between the reanalyses is quite large
in the lower mesosphere (0.3 to 1 K at approx. 60 km for
northern mid-latitudes).
Recently, the temporal variability of tides at the MLT,
which act as lower forcing of the ionospheric and thermo-
spheric systems, became more and more important (e.g. Liu,
2016). There are currently several global circulation mod-
els (GCMs) developed which are supposed to describe con-
sistently the vertical coupling between the middle atmo-
sphere and the ionospheric thermospheric system (Pancheva
et al., 2012; Yiğit et al., 2016; Liu et al., 2018). In partic-
ular, the short-term variability of the tidal forcing is essen-
tial for driving the more complex neutral-ionospheric cou-
pling in the upper atmosphere. McCormack et al. (2017)
presented a comparison between a meteorological reanaly-
sis from the Navy Global Environmental Model – High Al-
titude (NAVGEM-HA) and several world-wide distributed
meteor radars indicating substantial day-to-day variability of
the winds and tides. Recently, Baumgarten and Stober (2019)
presented a 10 d continuous lidar observation conducted with
the Kühlungsborn Rayleigh–Mie–Raman lidar and estimated
the tidal variability using an adaptive spectral filter technique
(Stober et al., 2017). They complemented these observations
with reanalysis data to investigate the phase relations of tem-
perature and wind tides. However, lidar observations require
cloud-free conditions, which usually limits the continuity of
such time series.
In this study, we use measurements from the ground-
based microwave Doppler wind radiometer WIRA-C (WInd
RAdiometer for Campaigns), which can provide continu-
ous measurements of the wind fields in the stratosphere and
lower mesosphere (Hagen et al., 2018). The biggest advan-
tage of the radiometers compared to many other ground-
based remote-sensing instruments is their ability to measure
continuously and independent of daylight and light clouds.
Further, their compact design makes it rather easy to deploy
these instruments at remote locations and enables their au-
tonomous operation. Rüfenacht et al. (2018) performed an
initial validation of the technique with other ground-based
instruments, e.g. the ALOMAR (Arctic Lidar Observatory
for Middle Atmosphere Research) lidar and the Andenes me-
teor radar. Particularly when compared to lidar, radiometers
often have much coarser vertical and temporal resolutions.
Rüfenacht et al. (2016) examined the spectrum of the wind
oscillations for radiometric measurements and model data for
periods down to 5 d, which is the lower limit of such an anal-
ysis due the low temporal resolution of wind radiometry. In
this study, we present a method to investigate sub-day periods
of oscillations with microwave wind radiometry by applying
a different preprocessing to the measured spectra.
Specifically, we present a method to infer diurnal tides
and their variability in the wind field in the stratosphere and
lower mesosphere. After a short introduction to the measure-
ment principle and analysis methods, we present the mea-
surements from two WIRA-C campaigns, one was conducted
on Réunion island at tropical latitudes and the other one on
Andøya island at polar latitudes. We show that our instru-
ment is able to capture the mean diurnal wind tide over the
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course of a 3-month period, and we compare our measure-
ments to the meteorological reanalysis MERRA-2 (GMAO,
2015) with respect to the amplitude and phase behaviour. We
do this comparison for tri-monthly means as well on shorter
timescales (days or weeks) to reveal some differences be-
tween the observations and the reanalysis.
The article is structured as follows. In Sect. 2 we present
a summary of the instrument and the campaigns. The data
analysis and retrievals are described in Sect. 3. Our results
are presented in Sect. 4, and our conclusions are given in
Sect. 5.
2 The WIRA-C instrument and campaigns
2.1 Instrument
The WIRA-C instrument is a Doppler microwave wind ra-
diometer. As described in detail by Hagen et al. (2018), it
measures the 142 GHz ozone rotational emission line with
a high spectral resolution of 12.5 kHz. Because the ozone
molecules are moving with the mean air flow, the Doppler
shift introduced to the emission line is directly proportional
to the line-of-sight wind speed. In order to be sensitive to
the zonal and meridional component of the horizontal wind
speed, we observe the emission line for all cardinal directions
(north, east, south, west) at a low elevation angle of 22◦. Fur-
ther, the pressure-broadening effect allows for the retrieval of
altitude-resolved wind profiles in an altitude range from 30 to
75 km on a 3 km vertical grid with 12 km vertical resolution.
WIRA-C has an un-cooled but temperature-stabilized re-
ceiver with a low receiver noise temperature due to a state-
of-the-art low-noise amplifier that directly amplifies the ob-
servation frequency of 142 GHz. Despite the low noise, inte-
gration times of 12 to 24 h are typically applied in the stan-
dard retrievals. These long integration times are required to
achieve a signal-to-noise ratio that is sufficient for a retrieval
of wind speed.
WIRA-C operates autonomously and automatically and
the measurements are independent of daylight and light
clouds with interruptions only during rain or heavy snow-
fall. Additionally WIRA-C uses a tipping curve calibration
scheme, and thus it only needs very minimal maintenance,
most of which can be done remotely. As a result, the WIRA-
C instrument is especially well suited for campaigns as well
as long-term monitoring observations.
The forward model for the retrieval is supplied by the
ARTS software package (Buehler et al., 2018). The inversion
of the measured spectra is performed by an optimal estima-
tion method (OEM) developed by Rodgers (2000). We use
the OEM algorithm that has recently been implemented di-
rectly into the ARTS software.
Optimal estimation is a method where the ill-posed inver-
sion problem is regularized by an a priori profile and a cor-
responding covariance matrix. It is well suited for the inver-
sion of atmospheric measurements, because the mean back-
ground state is often known reasonably well. This applies
to this study in particular, where the mean background wind
speed is known from models and measurements to a reason-
able extent, and the diurnal cycle can be understood as a per-
turbation of the background state that we can retrieve from
the measurements.
Different quality control parameters can be derived for an
optimal estimation of a profile. The measurement response,
which is the most important to us, estimates the sensitivity
of the retrieved quantity to actual changes in the observed
system (as opposed to sensitivity to the a priori profile). Ide-
ally, this measurement response is one, with 0.8 or 0.6 being
acceptable numbers.
2.2 Campaigns
WIRA-C has been on two major campaigns so far. The first
campaign started in August 2016 and took place in the South-
ern Hemisphere at the Maïdo observatory on Réunion island
(France) (Baray et al., 2013), located in the Indian Ocean
at 21◦ S, 55◦ E. The Maïdo observatory is located at an al-
titude of 2200 m a.s.l., which provides ideal conditions for
radiometry. At this altitude there is less absorption due to
tropospheric water vapour, which could be a problem in the
tropics at lower altitudes. For tropical latitudes around±30◦,
the global scale wave model GSWM (Hagan et al., 1999) pre-
dicts a high amplitude of the diurnal tide compared to more
polewards or more equatorial latitudes. The campaign ended
in January 2018, and we refer to this as the tropical cam-
paign.
For the second (and still ongoing) campaign, WIRA-C was
moved to arctic latitudes in June 2018. The instrument is
located at the ALOMAR observatory on Andøya (Norway)
at 69◦ N, 16◦ E. We refer to this as the arctic campaign.
The ALOMAR observatory is located on mount Ramnan,
at 370 m a.s.l., and hosts many other remote-sensing instru-
ments, e.g. the ALOMAR Rayleigh–Mie–Raman lidar, an
Fe-lidar and several radars in the vicinity. The water vapour
cycle at ALOMAR is dominated by the tropospheric weather
pattern of the marine climate and variable within days rather
than within a day.
3 Data processing
For the standard WIRA-C time series retrievals as used in
previous studies, the spectra are integrated over continuous
blocks of 12 or 24 h, resulting in a time series of wind speed
with the same resolution (Hagen et al., 2018). Typically, for
the tropical site, an integration over 12 h from sunrise to sun-
set is performed. However, for the retrieval of the daily cycle,
we now aggregate the measurements of the same time of day
over multiple days to perform a composite analysis. Typi-
cally, we use a window of 7 to 13 d and aggregate by time of
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day with a 2 to 4 h resolution. This gives a total integration
time of around 20 h, centred around a central day. We refer to
the different composites by (δD, δH), where δD indicates the
number of days and δH the number of hours for the integra-
tion. The main composite used in this study is (13, 2), which
gives a total integration time of 26 h.
After integration we run the wind retrieval for the WIRA-
C instrument. For MERRA-2 reanalysis data, we apply the
same aggregation directly on the model data to get the same
temporal smoothing that we have to apply to our measure-
ments. In addition, we also analyse the original reanalysis
data.
A major difference to the retrieval described by Hagen
et al. (2018) is that we use a non-zero wind a priori profile
that corresponds to the mean wind background. This miti-
gates the effect of the diurnal variability of the troposphere
on our measurements. If a zero-wind a priori is used, in-
creased noise during daytime could lead to an overestimation
of tidal amplitudes in the subsequent analysis, because the re-
trieved wind speed would be closer to zero (and thus possibly
further away from the background) in the case of increased
noise during daytime. In contrast, a mean-background a pri-
ori in combination with poor measurement response would
lead to an underestimation of tidal amplitudes. This is es-
pecially important for locations with high diurnal variability
(like our tropical site) or frequent rainfall (like our arctic site
close to the sea). We extract the mean wind background from
ECMWF operational data and average over the full 13 d cen-
tred around the (13, 2) composite, analogously to the other
composites. Like this, our a priori wind profile does not in-
clude any tidal information at all. For the ozone a priori data,
we aggregate WACCM data from Schanz et al. (2014), anal-
ogously to our measurements.
Once we have retrieved the wind profiles (or extracted
them from the reanalysis data), we fit a simple tidal model to
extract amplitude and phase information. The simple model
for an arbitrary observable quantity y has the form of
y(t)= c+
∑
k=1...N
Ak cos
(
t
2π
Pk
−φk
)
(1)
= c+
∑
k=1...N
[
ak cos
(
t
2π
Pk
)
+ bk sin
(
t
2π
Pk
)]
, (2)
where Pk = 24,12,8, . . . h is the period of the diurnal, semi-
diurnal and ter-diurnal tide. In this study we use N = 1
and only consider the diurnal tide, but we write down the
full basis in Eq. (2) to point out that the components for
k = 1,2,3, . . . are orthogonal and can thus be treated sepa-
rately. We apply a least-squares optimization on Eq. (2) for
the zonal and meridional wind components, and we assume
the same weight for all wind measurements. Additionally, we
estimate the uncertainty of the fit from the error covariance
matrix of the adjusted parameters.
Equation (1) defines the phase φk as the time of day when
the corresponding wind component has its maximum. Note
that we present phases in units of mean solar time, so, for
example, a phase of 10 h means that the maximum occurs 2 h
before noon of the mean solar day. The amplitude A1 and
phase φ1 of the diurnal tide are finally given by
A1 =
√
a21 + b
2
1, (3)
φ1 = acrtan2(b1,a1) ∈ (−π,π ]. (4)
Since we average over multiple days prior to the retrieval,
we do not apply a windowing function for the fitting of the
tide as it is often suggested to compensate for the intermit-
tency of waves. We assume that the retrieval of averaged
spectra yields the average wind speed, so windowing and
aggregation can be considered equivalent. This assumption
might not hold true in the context of fast changes in the wind
field, and we thus prefer periods of a stable wind background
for our detailed analysis. We especially do not attempt to re-
trieve tidal parameters during strong planetary wave activity
nor in the context of extreme events like sudden stratospheric
warmings. Further, we consider non-tidal gravity waves to
be filtered out by the vertical smoothing of the instrument of
about 12 km.
Vertical smoothing (artificially or due to instrumental
properties) decreases tidal amplitudes depending on the ver-
tical wavelength of the observed tides. If the vertical wave-
length is infinite (tidal phase is constant with altitude) the
amplitude is not affected, whereas at typical vertical wave-
lengths of the diurnal tide of around 30 km, the smoothing
can reduce the observed amplitude by up to 0.25. In this
study, we do not apply any vertical smoothing to the reanal-
ysis data.
To check for the significance and robustness of the diur-
nal tidal parameters, we compare the outcome for different
composites. We run the same analysis for the (13, 2), (11, 2),
(9, 3), (9, 2), (7, 4) and (7, 3) composites, which provide dif-
ferent samplings of the same observable. The similarities and
differences among all the composites indicate how robust the
parameters are and allow us to estimate the influence of noise
from instrumental and atmospheric sources in a qualitative
way.
We also compute the mean amplitude and phase over a
larger time span (3 months) by averaging the wind field prior
to fitting the tide model. We estimate the uncertainty of the
amplitude and phase for the tri-monthly mean using a boot-
strapping method that follows the moving block bootstrap
(Lahiri, 2003, p.25ff). For a (δD, δH) composite time series,
we sample a synthetic 3-month period (91 d) by choosing 91
δD
composite days at random, and we estimate the diurnal tidal
parameters of the mean diurnal cycle for each sample. The
distribution of the parameters gives us an estimate of the un-
certainty due to observational errors as well as due to phase
variability during the period of observation.
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Figure 1. Background wind speed measured by WIRA-C comple-
mented with MERRA-2 reanalysis data (hatching) for the tropical
campaign. Note the different scales for the zonal and meridional
components.
4 Results
From both campaigns we select a 3-month period based on
the following criteria. First we look for periods with stable
background wind conditions. Due to the aggregation (max-
imum 13 d) for the wind retrieval, we prefer time intervals
with no extreme meteorological events, e.g. sudden strato-
spheric warmings (SSWs), and a low planetary wave activity,
because this might impact the retrieval of tidal amplitudes.
Further, we only considered time intervals with a good
overall measurement response, which corresponds mainly
to little precipitation. Another important aspect for the data
analysis is the continuity of the observations (minimal instru-
mental downtime) to avoid issues in compiling the temporal
averages.
Considering the above-mentioned criteria, we decided to
focus on two campaign intervals from April to June 2017 at
Maïdo and from September to November 2018 at Andenes
(ALOMAR).
This gives us two time series for which we perform the
previously described analysis: one for the tropical campaign
and one for the arctic campaign. We use local mean solar
time for all plots and phases in this study, which is simply
a fixed offset depending on longitude. For the tropical cam-
paign at 55.5◦ E, this is an offset to Universal Time (UT) of
3.7 h. For the arctic campaign at 15.7◦ E, the offset of local
mean solar time to UT is 1 h.
4.1 Results for the tropical campaign
For the tropical campaign, we selected the period from April
to June 2017. This period is at the beginning of austral winter,
where the reanalysis as well as measurements shows a steady
background of strong eastward winds with a small merid-
ional component and relatively low planetary wave activity.
Figure 2. Mean daily cycle of zonal and meridional wind speeds
at different altitudes for the 3 months during the tropical campaign
from MERRA-2 and WIRA-C. Dashed lines indicate the best fit of
the diurnal tide model.
Moreover, during this rather dry season, WIRA-C performed
well and measured continuously with a good measurement
response.
The meteorological background wind field for the selected
period at the Maïdo observatory is shown in Fig. 1 as mea-
sured by WIRA-C, complemented with MERRA-2 reanaly-
sis data for lower altitudes. The zonal and meridional winds
indicate some variability at temporal scales of a few days.
Characteristic of the zonal winds are westward winds below
40 km altitude and a strong zonal eastward stratospheric jet
from 45 to 70 km altitude, which intensifies at the beginning
of May. Meridional winds exhibit a steady change between
southward and northward winds within a few days. Corre-
sponding to the zonal wind enhancement, meridional winds
become more southward at the beginning of May above a
height of 60 km.
The average diurnal cycle at different altitudes over the
whole 3-month period is shown in Fig. 2 for WIRA-C mea-
surements and the MERRA-2 reanalysis. In both data sets,
the diurnal tide is readily visible. The reanalysis data seem
not to contain any other modes than the diurnal tide, and the
tide model from Eq. (2) fully fits the data. The measurements
expose some more variability, especially at higher altitudes
and during the afternoon hours. This is related to increased
noise in the measurement in the afternoon hours, which is
most prominent for the westward observation direction (and
thus only seen in zonal wind retrievals) due to local weather
patterns at the Maïdo observatory on Réunion island.
The agreement between MERRA-2 and the WIRA-C wind
retrievals with respect to the mean behaviour can be assessed
in Fig. 3. The left panel (Fig. 3a) shows the amplitude of
the zonal and meridional mean diurnal cycle over the entire
campaign period for WIRA-C and MERRA-2. Both data sets
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Figure 3. Amplitude and phase of mean daily cycle over 3 months from MERRA-2 reanalysis and WIRA-C measurements from the tropical
campaign. Error bars indicate 95 % confidence limits. Phase is equivalent to solar time of maximum.
show a similar profile with relatively low amplitudes of less
than 5 m s−1 below 55 km and slightly higher amplitudes for
the meridional component. Figure 3b shows the same for the
vertical phase behaviour. The profiles of measurements and
reanalysis are in agreement with respect to the amplitudes
and phases up to an altitude of 55 km for the tropical loca-
tion, where the reanalysis data lie within or are close to the
limits of confidence of our measurements. The amplitude of
the diurnal tide agrees for the measurement and reanalysis
within or close to their limits of confidence. Above 55 km al-
titude, an increased discrepancy is evident for the meridional
wind between MERRA-2 and the radiometer.
The phase of the mean daily cycle measured by WIRA-C
as shown in Fig. 3b indicates a vertical wavelength of about
30 km. Approximately the same vertical wavelength is found
in the reanalysis. Above 55 km altitude, the vertical wave-
length of our measurements increases drastically, and the
phase eventually becomes constant with altitude. Evidently,
the tide seen by WIRA-C lags behind the tide represented in
the reanalysis by 5 h at the lowermost altitude levels. Cur-
rently, we cannot explain this offset.
Figure 4b shows the phase difference between zonal and
meridional diurnal tide. Measurements and reanalysis show
a remarkable agreement and show that the meridional tide
leads the zonal tide by approximately 6 h (90◦ phase angle)
as is expected for the Southern Hemisphere.
Besides the tri-monthly mean, we show the diurnal tidal
amplitude A1 and phase φ1 versus time for the whole pe-
riod in Fig. 5. The upper two panels (Fig. 5a and b) show
the WIRA-C retrievals. The central two panels (Fig. 5c and
d) are obtained from the aggregated MERRA-2 reanalysis,
whereas the bottom two panels (Fig. 5e and f) show the data
for the original MERRA-2 reanalysis. These figures present
Figure 4. Phase difference between meridional and zonal diurnal
wind tide (1φ=φmerid.−φzonal) for the tropical and arctic cam-
paigns in WIRA-C measurements and the MERRA-2 reanalysis.
the outcome for the (13, 2) composite only, and we provide
five more composites in the Appendix in Figs. A1 and A2
for the tropical campaign. The WIRA-C diurnal tidal ampli-
tudes reach a maximum at the beginning of the campaign of
about 16 to 20 m s−1 for both components. During the sec-
ond phase of the campaign we observe smaller tidal ampli-
tudes of approximately 4 to 12 m s−1. The vertical structure
that is obvious in Fig. 5a can also be seen in the tri-monthly
mean (Fig. 3a) with a minimum at 55 km. Because we ob-
serve a similar oscillating pattern of tidal amplitude with al-
titude in measurements and reanalysis (Fig. 3a), we propose
the mixing of different tidal waves with different vertical
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Figure 5. Amplitude and phase of the diurnal tide over 3 months from WIRA-C measurements (a, b), smoothed MERRA-2 reanalysis (c, d),
and original MERRA-2 (e, f) during the tropical campaign at the Maïdo observatory.
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Figure 6. Time series of zonal and meridional diurnal tide am-
plitudes during the tropical campaign for measurements (WIRA-
C), MERRA-2 reanalysis (MERRA) and reanalysis smoothed
(MERRA s) at an altitude level of 53 km with corresponding errors
of the model fit as shaded area.
wavelengths or propagation directions as a possible source
for this structure. The augmented magnitude of the structure
in our measurements compared to reanalysis data might still
be due to slight oscillations of the retrieval.
Further, our observations show a strong time dependence
of the diurnal tidal amplitude and phase at the resolved tem-
poral scales of 7 to 13 d. We observe the same morphology in
the time series for all composites (Figs. A1 and A2), and we
take this as a hint that the variability is not only due to noise.
Nevertheless, there are some differences between the differ-
ent composites, especially in the absolute values of the am-
plitudes that are most probably related to instrumental noise.
The phase, on the other hand, is more robust, and the time
series of the diurnal tidal phase has the same structure in all
composites and exposes a pattern of the diurnal tidal phase
modulated with a period of approximately a month.
Compared to the WIRA-C observations, the MERRA-2
reanalysis data show a constant amplitude and phase over
time in the composite analysis (Fig. 5c and d). The original
MERRA-2 data as shown in Fig. 5e and f are less constant
over time, and phase and amplitude expose a high day-to-
day variability. However, the mean behaviour seems to be in
good agreement with the observations, and the general mor-
phology of the diurnal tide in amplitude and phase seems to
agree between measurements and reanalysis.
Figure 6 shows a comparison of the time series between
WIRA-C and the MERRA-2 reanalysis at an altitude of
55 km. The shaded area represents the uncertainties of the
estimated diurnal tidal amplitudes taken from the covariance
of the adjusted parameters. In addition to the MERRA-2 re-
analysis that has been smoothed with our integration kernel,
we show the tidal analysis of the original MERRA-2 data.
This comparison indicates how the diurnal tidal amplitude
Figure 7. Background wind speed measured by WIRA-C comple-
mented with MERRA-2 reanalysis data (hatching) for the arctic
campaign. Note the different scales for the zonal and meridional
components.
decreases and increases again during the campaign in the
measurements as well as in the reanalysis. MERRA-2 and
our measurements show larger diurnal tidal amplitudes at the
beginning of the tropical campaign in April, which then de-
crease in May and June.
4.2 Results for the arctic campaign
From the ongoing arctic campaign in Andenes (ALOMAR),
we selected September, October and November 2018 for our
analysis. The measurement response during these months is
between 0.8 and 1.2 between 42 and 62 km and between 0.7
and 1.3 between 39 and 69 km, and therefore it is acceptable
for the whole altitude range we cover. We did not choose this
period to start earlier because of the biannual wind reversal
that took place just before September 2018 and, on the other
end, we did not expand this period to December because of
the major sudden stratospheric warming that took place in
this winter (Schranz et al., 2019).
For this period, the meteorological situation is dominated
by the fall transition in the stratosphere. The corresponding
background wind field retrieval from WIRA-C is shown in
Fig. 7. The campaign period starts at the end of summer
with a weak eastward zonal jet between 45 and 55 km alti-
tude, which evolves into a typical polar vortex until Novem-
ber covering nearly all observed altitudes from 40 to 70 km.
Meridional winds are dominated by a southward flow at the
beginning of the campaign period, which then reverses into
a northward wind regime at the end of October. Both wind
components indicate some variability due to waves on tem-
poral scales of a few days; in particular, the meridional wind
indicates an onset of the planetary wave activity towards the
end of the observation period.
Figure 8 shows the diurnal cycle, averaged over the
3 months during the arctic campaign. The reanalysis data
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Figure 8. Mean daily cycle of zonal and meridional wind speeds at
different altitudes for the 3 months during the arctic campaign from
MERRA-2 and WIRA-C. Dashed lines indicate the best fit of the
diurnal tide model.
are well fitted by our diurnal tide model at all altitudes, but
the presence of a semi-diurnal component is indicated by
the slight oscillation of the reanalysis data around the di-
urnal tide model fit. The WIRA-C measurements are well
represented by the simple diurnal tide model, while contain-
ing some higher-frequency oscillations that could originate
in higher mode oscillation as well as measurement noise.
Figure 9 shows amplitude and phase profiles of the mean
daily cycle of this period. Measurements and reanalysis
mostly agree and show the same structure of the diurnal tidal
amplitude and phase. Still as seen in Fig. 9a, WIRA-C mea-
sures a higher diurnal amplitude than the reanalysis suggests.
Here, the offset in amplitude seems to be systematic since,
for the most part, the profiles do not agree within their limits
of confidence even though they show the same structure.
The phase of the mean daily cycle is shown in Fig. 9b.
Both data sets show a situation with infinite vertical wave-
length above 45 km. The maximum of the diurnal tide is
around noon and 18:00 local time for the zonal and merid-
ional components, respectively.
The phase difference between zonal and meridional com-
ponents in the tri-monthly mean is shown in Fig. 4a. Above
45 km, the zonal tide leads the meridional tide by 6 h (90◦
phase angle), as expected for the Northern Hemisphere. Be-
low 45 km, the phase of the zonal component starts to deviate
in the measurements and lags behind the meridional tide at
approximately 40 km altitude.
Figure 10 shows extracted amplitudes and phases of the
diurnal tide for the arctic campaign over time and altitude.
The panels on the left (Fig. 10a, c and e) show the diurnal
tidal amplitude A1 for the WIRA-C measurements and the
MERRA-2 composite and original reanalysis, respectively.
In the measurements, the diurnal tide is stronger in Septem-
ber than it is in October and reaches nearly 20 m s−1 in the
meridional component by the end of September. Again, this
is most probably related to augmentation of tides by weaker
background wind speed caused by the seasonal wind reversal
that took place at the end of August to beginning of Septem-
ber 2018. But also during October and November, diurnal
tidal amplitudes are quite strong, often up to or more than
15 m s−1. This is different for the composite reanalysis data,
where amplitudes are generally lower than 10 m s−1. In the
non-smoothed reanalysis data, tidal amplitudes of more than
15 m s−1 are also reached.
The extracted diurnal tidal phase φ1 is shown in Fig. 10b
and d for the measurement and reanalysis, respectively. In
general, the reanalysis shows a very stable phase with the
maximum of the diurnal tide at noon local time for the zonal
component and 18:00 local time for the meridional compo-
nent. Only in November does the phase becomes more vari-
able and expose some structure which might be related to the
onset of planetary wave activity. This applies to the smoothed
and original MERRA-2 data equally and is in strong contrast
to the measurements, where the diurnal tidal phase is highly
variable with time and altitude on the presented timescales.
Because this time dependence is present in all composites
with the same morphology, we partly attribute it to the in-
termittency of the diurnal tide, while the exact value of the
phase might still be subject to noise.
As for the tropical campaign, we discuss the (13, 2) com-
posite and provide a total of six composites in the Appendix
(Figs. A3 and A4). Again we see the same morphology and
time dependence of amplitude and phase in all composites.
While the amplitude is less consistent among the composites
due to noise, the phase is more robust.
Figure 11 shows the time series for one specific altitude
level (53 km) and additionally shows the amplitudes of the
original reanalysis data that have not been aggregated over
multiple days. Especially in November, the original reanaly-
sis data show a variability that is comparable or even stronger
when compared to the measurements. By applying the ag-
gregation, this variability is averaged out from the reanalysis
data but not entirely from the WIRA-C measurements. If this
variability comes from the atmosphere as opposed to instru-
mental noise, this would indicate that the coherence time of
short-timescale disturbances of the diurnal tide might actu-
ally be longer than the reanalysis predicts. Notably, the mea-
sured amplitude features a disturbance around 24 September,
where the zonal amplitude is close to zero and the merid-
ional amplitude exhibits a maximum. Similar dynamics are
not represented in the reanalysis data, not even in the (non-
smoothed) original reanalysis data.
4.3 Summary
We presented measurements of the diurnal tide in the wind
field in the stratosphere and lower mesosphere. To our knowl-
edge, these are the first direct observations of tides in the
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Figure 9. Amplitude and phase of mean daily cycle over 3 months from MERRA-2 reanalysis and WIRA-C measurements from the arctic
campaign. Error bars indicate 95 % confidence limits. Phase is equivalent to solar time of maximum.
wind field in the middle atmosphere (30 to 70 km) with
ground-based instruments. In contrast to the standard time
series retrievals applied in previous studies, we apply a com-
posite analysis and superpose spectra for the same time of
day over several days. This composite analysis enables us to
resolve tidal structures in the wind field.
To investigate the results of our method, we applied our
analysis to two 3-month periods from different campaigns:
one from the Southern Hemisphere and one from the North-
ern Hemisphere.
The averaged data over the 3-month periods showed ba-
sic and well-known properties of the diurnal tide with dif-
ferent details for the Northern Hemisphere and Southern
Hemisphere. Notably we observed an increasing amplitude
with altitude, reasonable vertical wavelengths, and a 6 h (90◦
phase angle) shift between zonal and meridional component
with the leading component being different for the austral
and boreal locations.
We compared our wind measurements to the MERRA-2
reanalysis, which has already been compared by Sakazaki
et al. (2018) to other data sets in regards to tides in the tem-
perature field. We find a good overall correspondence be-
tween reanalysis and measurements in the amplitude of the
diurnal tide in the wind field and temporal evolution thereof.
Further, the amplitude and phase profiles for the tri-monthly
mean wind field correspond between the radiometer and the
meteorological reanalysis, mostly within their uncertainties
for the tropical campaign and with a small offset for the arc-
tic campaign. While the phase of the diurnal tide is very sta-
ble in the reanalysis data, especially in the polar region and
sometimes even stationary, we see a big temporal variation
in the phase in our measurements, which persists among dif-
ferent composites.
Further, we presented a time series of the diurnal tidal am-
plitude and phase over two 3-month periods. We observed an
augmented diurnal tide in the context of weak background
wind speeds after seasonal wind reversals. Looking at shorter
timescales, we observe strong temporal variability of the am-
plitudes and especially of the phase. Certainly, the time de-
pendence of the diurnal tidal phase has to be investigated in
further studies. Since we see the same time dependence in all
our composites, we conclude that intermittent diurnal tides
could be a possible explanation.
5 Conclusions
In summary, we find that reanalysis and measurements agree
on the tidal component in the tri-monthly mean daily cycle.
We conclude that the MERRA-2 reanalysis captures the am-
plitude and phase of the mean diurnal tide reasonably well
when averaging over 3 months or longer. When looking at
shorter timescales, obvious differences between model and
measurements appear. We can explain some of the differ-
ences, like the augmented tide, in the context of weak back-
ground winds and also observe other notable differences like
the variable phase in measurements that are not represented
in the MERRA-2 product. Since the general morphology of
the variable phase is the same among all composites, we con-
clude that it might be caused by actual atmospheric variabil-
ity of the tide. While these intermittent structures are present
to some extent in the reanalysis data as well, they are aver-
aged out when we apply the 13 d smoothing that is equiva-
lent to the composite of our measurement. A possible expla-
nation would be that the coherence time of short-timescale
disturbances of the diurnal tide is longer, and variability is in
general stronger in reality than in the reanalysis model. On
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Figure 10. Amplitude and phase of the diurnal tide over 3 months from WIRA-C measurements (a, b), smoothed MERRA-2 reanalysis (c, d)
and original MERRA-2 (e, f) during the arctic campaign at the ALOMAR observatory.
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Figure 11. Time series of zonal and meridional diurnal tide am-
plitudes during the arctic campaign for measurements (WIRA-
C), MERRA-2 reanalysis (MERRA) and reanalysis smoothed
(MERRA s) at an altitude level of 53 km with corresponding errors
of the model fit as shaded area.
the other hand, our study is based on a composite analysis,
and we assume that the diurnal tide is reasonably stationary
during our 7 to 13 d window. Baumgarten and Stober (2019),
based on temperature lidar observations with high temporal
resolution, provide some evidence that tides can be highly
variable and aggregation windows should be no longer than
a few days.
Further studies could develop more elaborate methods to
extract tidal information from radiometer data and further
constrain the uncertainty on the extracted parameters. Diur-
nal tide measurements from daylight-capable lidar or even
from rocket campaigns would be a possible source of com-
parison data. Also other models, for example NAVGEM-
HA, could provide further comparison data on different
timescales.
In this study, we focused on the diurnal tidal component
only. Future studies could as well address the semi-diurnal
component using the same or different composites.
We required a stationary background and focused on se-
lected periods which satisfy this condition. Further studies
could investigate the necessity or this requirement and re-
trieve tides while taking a variable background into account.
Ground-based microwave radiometers are capable of mea-
suring continuously over decades and can be deployed in
tropical and polar latitudes with minimal maintenance and
deployment effort. This makes these instruments very valu-
able to observe dynamics in the atmosphere, especially from
30 to 70 km altitude where observations are scarce. Since
tidal waves on sub-seasonal and regional scales play an im-
portant role in the dynamics of the atmosphere, such obser-
vations are highly valuable.
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Appendix A: Diurnal tide amplitude and phase for all
composites
Figures A1, A2, A3 and A4 contain panels with the extracted
amplitude and phase of the diurnal tide in the wind field for
six different composites of the WIRA-C wind measurements.
We refer to the different composites by (1D, 1H), where
1D indicates the number of days and 1H the number of
hours for the integration; the total integration time is thus
given by 1D×1H and ranges from 21 to 28 h for the pre-
sented composites. We select these six composites because
they all have an integration time of around 24 h and provide
different window lengths (7 to 13 d) and different resolutions
(2 to 4 h).
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Figure A1. Tropical campaign: amplitude of the diurnal tide for six different composites with a similar total integration time of 21 to 28 h
ordered by window length.
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Figure A2. Tropical campaign: phase of the diurnal tide for six different composites with a similar total integration time of 21 to 28 h ordered
by window length.
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Figure A3. Arctic campaign: amplitude of the diurnal tide for six different composites with a similar total integration time of 21 to 28 h
ordered by window length.
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Figure A4. Arctic campaign: phase of the diurnal tide for six different composites with a similar total integration time of 21 to 28 h ordered
by window length.
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Fourier Transform Spectrometer
Summary
Apart from the enhancement of data analyses techniques, also the technical part of ra-
diometry has still room for improvement. This includes to take full advantage of techno-
logical progressions like software defined radio with its plethora of possibilities. The third
publication explores such an application of software defined radio to passive microwave
radiometry. The technique described is one of fast local oscillator switching for bandwidth
enlargement by trading off integration time. Using current hardware, this can be done
in a way that the trade-off can be adjusted for different parts of the spectrum, allowing
to choose the optimal configuration of the spectrometer for wind and ozone applications.
In this article, we evaluate the benefits of this configuration for ozone retrievals using the
WIRA-C instrument.
This is relevant to the future development and adoption of microwave radiometry and is a
contribution to the efforts towards a comprehensive atmospheric research infrastructure.
Such a global network infrastructure would ideally include many multi-species (passive
microwave) instruments to cover a large area and many species with observations.
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Abstract: We report on a Fast Fourier Transform Spectrometer (FFTS) that provides larger bandwidth
by fast local oscillator switching of the base-band converter. We demonstrate that this frequency
scanning technique is suited for atmospheric remote sensing and conduct measurements of
atmospheric ozone using the WIRA-C (WInd RAdiometer for Campaigns) Doppler wind radiometer.
The comparison of our measurements to an adjusted atmospheric and instrumental model exposes no
systematic biases due to the switching procedure in the measured spectra. It further shows that the
combination of high spectral resolution with large bandwidth yields good measurement response to
stratospheric and mesospheric ozone from approximately a 20 km to 70 km altitude with a resolution
of 7 km in the lower stratosphere to 20 km in the mesosphere. We conclude that low-cost, low-power
software-defined radio hardware designed for communications applications is very well suited for a
variety of spectroscopic applications, including ozone monitoring. This allows the design of low-cost,
multi-purpose instruments for atmospheric remote sensing and thus has a direct impact on future
radiometer developments and their adoption in remote sensing campaigns and networks.
Keywords: radiometry; remote sensing; FFT spectrometry; ozone
1. Introduction
Spectrometers are used for the real-time observation of emission lines in remote sensing of the
atmosphere and radio-astronomy. Fast Fourier Transform Spectrometers (FFTS) in particular are widely
used in microwave remote sensing to observe the spectral distribution of thermal microwave emission
of atmospheric trace gases. Compared to other spectrometer types, like optoacoustic spectrometers or
filter-banks, FFTS offer a good compromise between bandwidth, spectral resolution, and stability [1,2].
An overview of different FFTS implementations and their performance characteristics was given
by [3]. Lately, less expensive and more flexible radio peripherals became available as Software-Defined
Radio (SDR), which not only allow the implementation of an FFTS, but also offer some flexibility in
implementing further signal processing and acquisition schemes.
The WIRA-C (WInd RAdiometer for Campaigns) Doppler microwave wind radiometer [4] is a
ground-based passive radiometer, which observes the ozone rotational emission line at 142.17504 GHz
with a high spectral resolution of 12 kHz. It uses the Doppler shift of the emission line due to moving
air to retrieve information about the horizontal wind speed in the stratosphere and lower mesosphere
(approximately 30 to 70 km). The pressure broadening effect allows the retrieval of altitude-resolved
wind profiles.
The spectrometer used in this instrument is a general purpose SDR that is available at a low
cost and small form-factor and implements an FFTS. The trade-off is the relatively low bandwidth of
200 MHz, which is enough for wind observations in the stratosphere and lower mesosphere, but not
for ozone observations in the lower stratosphere. Extending the bandwidth, while keeping the high
Atmosphere 2020, 11, 490; doi:10.3390/atmos11050490 www.mdpi.com/journal/atmosphere
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resolution at the line-center, would thus enable simultaneous ozone and wind measurements, among
other novel applications.
Multi-purpose ground-based passive instruments that observe different species at the same time
provide very valuable observations to understand the small scale variability and local behavior of
dynamics and chemistry in the middle atmosphere. An instrument that observes multiple emission
lines with a frequency switched double-side-band receiver has been shown to be valuable for
simultaneous measurements of carbon monoxide and ozone [5]. In [6], the value of joint ozone
and wind measurements was demonstrated at the arctic station in Ny-Ålesund, Svalbard, using the
110 GHz ozone emission line.
With this study, we present a method to extend the observation bandwidth of our spectrometer
from 200 MHz to 1 GHz, which makes it possible to use our wind radiometer WIRA-C also for ozone
measurements, and thus, we present a way to get additional scientific data out of our campaigns.
We discuss the performance of our spectrometer configuration and its impact on retrievals of ozone.
A cross-validation with other ozone instruments is not in the scope of this study. Instead, this study
should motivate the inclusion of WIRA-C in future cross-validations.
2. Materials and Methods
2.1. Instrument and Spectrometer Configuration
The WIRA-C radiometer is a single-side-band heterodyne receiver, which uses a USRP (Universal
Software Radio Peripheral) as a high resolution FFTS to measure the 142.17504 GHz rotational emission
line of ozone with a high spectral resolution of 12 kHz over a bandwidth of 200 MHz. Figure 1 shows
a schematic of the radiometer front-end and the back-end. The front-end consists of a 140 GHz Low
Noise Amplifier (LNA), a single-side-band filter, and a sub-harmonic mixer that converts the Radio
Frequency (RF) signal down to an Intermediate Frequency (IF) band centered at 3.65 GHz.
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Figure 1. Schema of the WIRA-C radiometer front-end (a) and the back-end with spectrometer ChA
(b) with fixed LO and changed ChB (c) with switching LO. All LO clocks are connected to the same
GPS disciplined Oven Controlled Crystal Oscillator (OCXO) (d). IF, Intermediate Frequency.
The Universal Software Radio Peripheral (USRP X310 with two CBX-120 daughter-boards [7]) is
used as the radiometer back-end; see Figure 1c,d. It has two independent channels (ChA and ChB),
each of which embedds an In-phase and Quadrature (IQ) base-band converter and Analog-to-Digital
Converters (ADCs) with a sampling rate of 200 MHz each. Due to the filter characteristics of the
CBX-120 daughter-board input stage, only 160 MHz of the theoretically achievable 200 MHz are usable.
We implement the FFT and accumulation on the internal Field-Programmable Gate Array (FPGA)
using LabView-RT. After absolute-value-squared accumulation, the raw spectra are sent off to a general
purpose computer for further processing. Both channels of the back-end are fed with the same IF
signal, while ChA provides the high resolution spectrum for wind retrievals; we reconfigured ChB to
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provide a wide spectrum with a total bandwidth of 1 GHz centered around the same region as ChA.
An overview of the configuration is shown in Table 1.
Table 1. Overview of the channel configuration of the USRP used for this study. Both channels (ChA
and ChB) are electrically equal, but ChB takes advantage of frequency scanning for larger Bandwidth
(BW) at the cost of a lower total integration time.
Technical BW Usable BW Resolution Integration Time
ChA 200 MHz 160 MHz 12.2 kHz 10 s
ChB 8 × 200 MHz 1000 MHz 61.0 kHz 1.13 s
While both channels have the same ADC with a sampling rate of 200 MHz, we use fast Local
Oscillator (LO) switching to scan a broader band with ChB. This method switches the LO frequency of
the base band converter in ChB fast enough to cover multiple adjacent spectral regions. We chose a
total of 8 different LO frequencies and take the central 125 MHz of each spectrum. The combination
of the spectra is done so that we have a small overlap of a few channels between the different parts.
Then, we average over 5 channels to reduce noise, which resulted in 2048 channels per LO frequency.
The details (binning, overlap, and bandwidth) are chosen so that the combined spectrum has 16,384
(=214, same as ChA) channels and a 1 GHz bandwidth, which gives a channel resolution of 61 kHz.
In theory, the integration time for ChB is exactly 8 times less than for ChA. However, in practice,
the re-locking of the base-band converter LO takes some time, during which we do not acquire any ADC
values. The ratio between actual integration time for ChA and ChB is 8.88 for 10 seconds of integration,
meaning that we loose 1 s or 10% of the integration time. In absolute numbers, this means that an
LO reconfiguration takes approximately 140 ms. This applies only to the data presented in this study,
and we were since able to reduce this to less than 1 ms by optimizing the LO reconfiguration procedure.
2.2. Data Processing
We calibrate our spectrometer with a tipping curve scheme. This calibration method uses the
observations under different elevation angles to calculate the zenith opacity and thus the brightness
temperature of the sky in the zenith direction. One calibration cycle takes 2 min, which is well within
the time span for which the receiver can be assumed to be stable, as presented in [4]. Together with
the internal hot-load, this allows a hot-cold calibration. Notably, each FFT channel of the spectrum is
considered separately. We use the zenith measurement and our slanted observation at a 40◦ elevation
angle in the north and southward directions. The general scheme of this calibration method is described
in [8], and its implementation for WIRA-C is given in [4].
Then, we perform a tropospheric correction of the calibrated spectra by estimating the
tropospheric contribution using the left wing of the measured ozone emission line [4,9]. Using this
estimation, we remove the tropospheric contribution from our spectrum. To account fully for the
tropospheric contribution, the slope of the continuum of the water-vapor line at 182 GHz would also
have to be considered. We do not correct for this in the tropospheric correction step, but leave it for the
retrieval to deal with the linear offset in terms of a baseline.
To characterize the quality of our concatenated spectrum, we compare the measurements to the
Atmospheric Radiative Transfer Model (ARTS) [10]. Firstly, this lets us subtract the contribution from
the ozone line from our measurements, and we can compute the statistics of the residuals for the
different parts of the concatenated spectrum. Secondly, we can give a first estimate of the performance
of our setup with regard to ozone retrievals.
The retrieval includes the adjustment of the ozone profile and a baseline (constant and linear) to
fit our measurement. We use the Optimal Estimation Method (OEM) from ARTS for the inversion.
The OEM uses an a priori estimation with corresponding co-variances to regularize the inversion
problem [11]. The ozone retrieval is performed for 81 pressure levels, logarithmically distributed
between 102 and 10−3 hPa. The ozone a priori data are the same as used in [4], namely the ozone
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a priori data form the F2000 WACCM scenario from [12]. We impose a co-variance matrix with a
diagonal of 1 ppm ozone VMR. The temperature data is taken from the ECMWF operational analysis,
and we extend it with the F2000 WACCM data above 70 km altitude. The co-variance matrix of the
spectrum is assumed to be diagonal (uncorrelated channels), and the variance is estimated by the Allan
variance of the spectrum. We validate this estimation a posteriori against the variance of the residuals.
Once we have fitted the atmospheric model to our data, we compute the residuals and statistics
for each block of the spectrum. We repeat the same evaluation method for different combinations of
the spectra: (1) for the original spectrum from ChA, (2) for the concatenated spectrum from ChB, and
(3) for a combination of data from ChA and ChB. For the combination of both channels, we take the
spectrum from ChA and extend it with those parts from the broad-band ChB that are not covered by
ChA itself.
In this study, we use data from the campaign in Bern that took place from March to May 2018.
We selected this campaign because the data and methods used in this study might be of particular
interest for the future validation of the GROMOS radiometer that is also located in Bern [13–15].
Specifically, we look at data for the night- and day-time of 7 May 2018 to 9 May 2018 and integrate
over 12 h. For this measurement, the WIRA-C instrument was configured to look at a 40◦ elevation
angle (same as GROMOS) instead of 22◦, which is used for routine wind measurements. The WIRA-C
instrument looks in four different cardinal directions (plus zenith) for wind measurements, but for this
study, we only consider the northward measurement.
3. Results
Figure 2 shows a narrow spectrum (from ChA) and a wide spectrum (from ChB) colorized to give
an impression of the concatenation process. The concatenation is done with a slight overlap, where
one part blends into the next one. This is done for no specific reason, and we consider it to be an
implementation detail with no bearing on the results. The spectra were acquired at nighttime 9 May
2018. The top panel of Figure 2 shows the ChA and ChB with a zoom on the line-center. Both channels
show a matching brightness temperature. Note that from this figure, it is not clearly visible that ChA
has less noise due to longer total integration time. We will later determine the noise from the residuals
of a retrieval.
To quantify how well the spectra from the different channels match and also how well the spectra
from the different parts of ChB match, we run a retrieval (and thus, fit an atmospheric model) on our
data. As described above, we used three different spectra for our retrievals (ChA, ChB, and combined).
The results from all these retrievals are shown in Figure 3, also for nighttime on 9 May 2018.
The increased bandwidth extends the sensitivity for ozone towards lower altitudes, whereas the
high spectral resolution adds sensitivity in the mesosphere, as expected. For the combined retrieval,
the measurement response is larger than 0.8 between approximately 21 km up to 70 km.
We also see an effect on the vertical resolution of the ozone profile, which is characterized by
the Full Width at Half Maximum (FWHM) of the averaging kernels. For example, at an altitude of
approximately 40 km, the averaging kernels from the retrievals from ChB have a FWHM of 14 km,
which improves to 11 km when using the higher resolution of ChA. This difference is most notable at
higher altitudes. Only below 30 km, the FWHM of the averaging kernels can profit from the wider
bandwidth of ChB, which is able to capture more information from the pressure broadened emission
line. This effect is caused by the better signal-to-noise ratio of the ChA measurement compared to that
of ChB because of the longer integration time. The combined retrieval profits from the lower noise,
as well as from the broader bandwidth at the lowest altitude levels. Another important measure of
quality is the observation error. Here, the impact of the different spectral resolutions and noise are
quite small, and the observational error is about 0.13 ppm for the whole altitude region covered.
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Figure 2. Spectra from the WIRA-C ChA (narrow) and WIRA-C ChB (wide) at an elevation angle of
40◦. The bottom panel shows the different parts of the spectrum that were measured independently
with alternating colors (odd/even). Frequencies are relative to the emission line center of ozone at
f0 = 142.17504 GHz.
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Figure 3. Ozone retrieval for three different spectra: ChA only, ChB only, and combined (cmb). Shown
are the (a) ozone VMR, (b) the measurement response, (c) the full width at half maximum of the
averaging kernels, and (d) the estimated observational error.
In general, the wider bandwidth only brings an improvement at or below approximately 30 km
altitude. However, we would like to note that off-resonance measurements (that is, measurements at
the line-wing) are important also for tropospheric correction and can be valuable for baseline correction.
Figure 4a shows the fitted spectrum together with the measurement and the baseline for the
combined retrieval. There is a small slope visible in the baseline of approximately 3 K per GHz, which
comes from the slope of the 182 GHz emission line of tropospheric water vapor that we did not correct
for during tropospheric correction. Figure 4b shows the residuals (observed-minus-computed) of the
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combined retrieval. There is no obvious baseline visible, and the transition from the broad spectrum to
the high resolution one appears to be smooth.
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Figure 4. Measured and fitted spectrum for the combined (ChA and ChB) retrieval together with
the baseline estimation (a). Residuals (b) are binned (64 FFTS channels), for each part separately.
The spectral region from ChA is indicated by the gray area, and vertical gray lines indicate the
boundaries of individual sub-spectra.
The residuals do not expose significant steps between the sub-spectra and are reasonably normally
distributed as shown in Figure 5. Statistical evaluation shows no systematic dependency of residuals
correlated with their origin (ChA or sub-spectra of ChB; no figure shown). The residuals of ChA have
a standard deviation of 1.05 K, which is 1.31 times lower than the standard deviation of ChB residuals,
which is 1.38 K. According to the radiometer formula, the relative noise between the two channels
would be:
rσ =
σA
σB
=
√
τABA
τBBB
=
√
8.88 × 1
1 × 5 = 1.33 (1)
which is very close to the observed value of 1.31.
Figure 6 shows the residuals of retrievals from ChB spectra for three days separated by daytime
and nighttime (in total, six measurements). The distribution of the residuals is wider for days with
a higher tropospheric opacity, because high humidity decreases the signal-to-noise ratio for the
stratospheric signal. Some residuals expose a small step between the sub-spectra, for example on
8 May 2018 (day- and night-time) of about 0.2 K between Sub-spectra 7 and 8. Since the residuals
can be assumed to be distributed with a standard deviation of σ ≈ 1.3 K, we expect the difference
between two channels to be smaller than 2σ ≈ 2.6 K in 66% of the cases. For the binned values shown
in Figure 5, the expectation is that the difference between the two channels is smaller than 0.325 K
in approximately 66% of the cases. For a future study on ozone retrievals with WIRA-C using the
described spectrometer configuration, we thus recommend considering the possible steps between
the sub-spectra of ChB in the quality control of the ozone retrieval. For example, one could consider
measurements where the edges of the binned sub-spectra are more than 0.3 K apart for more than
four of the seven boundaries to be invalid. The exact numbers would depend on the binning and
distribution of residuals. In any case, the assumption of normally distributed residuals has to be
checked first.
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Figure 5. Histogram of the residuals for the different spectra (ChA only, ChB only, and combined)
with the normal distribution corresponding to the data mean and standard deviation. Vertical gray
lines indicate boundaries of individual sub-spectra. Measurements are annotated with tropospheric
opacity τ.
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Figure 6. Residuals from six measurements taken during three days, daytime (DT) and nighttime
(NT) obtained from the retrieval of ChB only. Residuals are binned (64 FFTS channels) for each
part separately.
4. Outlook and Conclusions
We presented a method to measure broad-band spectra using off-the-shelf communications
radio peripherals and demonstrated its use for radiometric observations of the atmosphere. While the
method of fast LO switching itself is used in other applications, it is new to atmospheric remote sensing.
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The LO switching reduced the integration time, and thus, the combination of a concatenated spectrum
with a high resolution spectrum at the line-center was especially useful. At the line-wings, a larger
bandwidth is preferred over high spectral resolution for ozone retrievals. This setup demonstrates
how multi-purpose instruments can be built using off-the-shelf radio communications peripherals
using SDR techniques.
We suggest a specific method to control the quality of the concatenated spectrum by rejecting
measurements, where the binned values at the edges between the sub-spectra are off by more than 2σ
at four or more of the seven edges (or equivalent).
An estimation of the retrieval quality showed that ozone retrievals could benefit from the broad
spectrum, especially if the high resolution spectrum were combined with the broad-band spectrum
at the line-center. In this specific case, we observed an improved vertical resolution of 11 km for the
combined spectra over 14 km for the broad-band spectra, while keeping the measurement response
larger than 0.8 down to 20 km (compared to 25 to 30 km for the high resolution spectrum from ChA
only). While effective numbers are only valid for the presented case, the improvement is the result of
the combination of the high resolution spectrum (used at the line-center) with the broad-band spectrum.
While the same hardware has already been used for operational wind measurements, this new
method improves the capability to retrieve ozone profiles from the WIRA-C instrument. Since wind
radiometers observe all four cardinal directions (north, south, east, west), they are also well suited to
observe the spatial ozone distribution and gradients on a small scale. Together with wind observations,
this facilitates gaining further insight into atmospheric dynamics and chemistry on small scales.
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Abbreviations
The following abbreviations are used in this manuscript (in alphabetical order):
ADC Analog-to-Digital Converter
ARTS Atmospheric Radiative Transfer Simulator
BW Bandwidth
ECMWF European Centre for Medium-Range Weather Forecasts
FFT Fast Fourier Transformation
FFTS Fast Fourier Transform Spectrometer
FPGA Field Programmable Gate Array
FWHM Full Width at Half Maximum
GROMOS Ground-based Remote Ozone Monitoring and Observation System
IQ In-phase and Quadrature (converter)
LNA Low Noise Amplifier
LO Local Oscillator
OEM Optimal Estimation Method
SDR Software-Defined Radio
USRP Universal Software Radio Peripheral
VMR Volume Mixing Ratio
WACCM Whole Atmosphere Community Climate Model
WIRA-C WInd RAdiometer for Campaigns
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8 Conclusions and Outlook
This thesis presents three scientific studies of which each represents a significant progress in
middle-atmospheric wind radiometry. Firstly, it has been shown that Doppler microwave
wind radiometry as established by WIRA can be reproduced. This has been one of the
goals for WIRA-C within the ARISE2 project. It has been shown that the WIRA-C wind
radiometer is capable to perform continuous observations of middle-atmospheric horizontal
wind speeds with a vertical resolution of 12 km, a temporal resolution of 12 to 24 hours and
an uncertainty of around 10 ms−1. The models and observations do generally agree and
represent the same local manifestations of global scale features such as planetary waves,
their braking, sudden stratospheric warmings and bi-annual wind reversals.
Secondly, it has been shown that the wind radiometer technology in its current state,
that is using a un-cooled, pre-amplified single-side-band heterodyne receiver is capable
to also resolve the diurnal tide in the wind field. By using composite retrievals which
average over at least 7 days, it is possible to reach a temporal resolution of 2 hours. This
enables the observation of diurnal tides. Thanks to the inherent advantages of passive
microwave radiometry such as long-term stability, independence of daylight and clouds
and easy deployment this makes the observation of middle-atmospheric tides possible over
an extended period of time. Averaged observations over three months do compare well to
the reanalysis data and show the same features of the diurnal tide.
A recent topic in middle-atmospheric research is the tidal variability in the middle-
atmosphere. There exists evidence that the variability of the tidal phase in the middle-
atmosphere is larger than predicted by models (see references in Hagen et al., 2020a, par-
ticularly Baumgarten and Stober, 2019). With the possibility to use composite retrievals
on different timescales, it might be possible for passive microwave wind radiometry to
contribute to this field of active research. First results from WIRA-C measurements show
indeed a higher variability than expected from the models, even tough more independent
measurements are needed to confirm that this variability is indeed of purely atmospheric
origin. Further research on the topic of tidal variability in the middle atmosphere is
certainly required.
Since tides in the wind and temperature field are tightly coupled (with the details of this
coupling being debated) it is of high interest to combine temperature and wind measure-
ments in the middle-atmosphere to further explore these relations. Passive microwave
radiometry is capable to deliver wind measurements and also temperature measurements
for such studies. A campaign with passive microwave radiometers which measure the di-
urnal cycle of temperature and wind in the stratosphere are feasible and promise a high
scientific value.
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Wind acts by transport on all the other atmospheric species and waves in the wind field
are a driver for local small-scale variability of these species, for example ozone. Thus the
observation of the small scale variability of ozone together with the observation of wind
gives further insight to middle-atmospheric dynamics, as has been shown by Schranz et
al., 2019b. WIRA-C is in principle capable to perform such observations by leveraging
the capabilities of software defined radio (SDR) to extend the bandwidth for ozone ob-
servations. Future studies could take advantage of this capability to further characterize
the coupling of ozone chemistry and oscillations in the wind filed, particularly in highly
dynamic environments such as in the context of sudden stratospheric warmings.
In summary, the following could be topics of future research with the WIRA-C wind
radiometer:
• Continue observation of middle atmospheric wind at different latitudes
• Compare WIRA-C wind profiles from Andøya to ALOMAR lidar measurements
• Further compare the wind measurements to different models and reanalysis
• Combine temperature and wind radiometry to measure the phase relation of tidal
fields
• Compare measurements of the diurnal tide to models in the context of sudden strato-
spheric warmings (expecting enhancement of diurnal tide)
• Retrieve Ozone profiles from WIRA-C and WIRA data, cross-compare with e.g.
GROMOS
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Errata
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• p. 31: “For example, one can see the atmospheric wind reversal around equinox in
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• p. 39 “Figure 4.11 and figure 4.12 show the whole WIRA-C time series measured
at ALOMAR [. . . ]”
• p. 111: Correct citation: Franziska Schranz, Jonas Hagen, Gunter Stober, Klemens
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